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 Summary �
Summary
Cadmium (Cd2+) is a highly toxic metal classified as human carcinogen by the International Agency for 
Research on Cancer. Cadmium is widespread in the environment and considered a major pollutant. In most 
plants Cd2+ accumulation leads to toxicity syndroms, resulting, among others, in chlorosis, perturbation of 
essential metal homeostasis (Cu2+, Zn2+, Mn2+, and Fe2+), protein damage, inhibition of some enzyme activities 
and lipid pero��idation. Therefore research on cadmium has often pursues: on one hand the aim is to learn 
more about cadmium stress, transport and detoxification, and on the other hand it is believed that in most if not 
all of the cases cadmium enters the cell and is distributed within the plant via transporters with affinities for 
other divalent cations. Therefore research on cadmium often leads to the identification of new transporters and 
others proteins participating in the homeostasis of other micronutrients. In order to identify new transporters 
involved in cadmium uptake and redistribution we manufactured a custom-made chip on which all ABC 
transporters and other membrane proteins of A. thaliana were spotted. Treatment with cadmium revealed that 
several of these genes were upregulated by cadmium. Among them where three candidate genes which were 
analyzed in more detail within the frame of this PhD thesis.
The first gene investigated was AtOSA1, (Arabidopsis thaliana O��idative Stress related Abc� like protein). 
AtOSA1 belongs to the family of Abc1 proteins. Abc1-like proteins have been identified in prokaryotes and 
in the mitochondria of eukaryotes. AtOSA� localized to the chloroplast envelope and therefore constitutes the 
first report on a member of this family to be localized in the plastid. However, despite sharing homology to the 
mitochondrial ABC� of Saccharomyces cerevisiae, AtOSA1 was not able to complement yeast strains deleted 
in the endogenous Abc1 gene, thereby suggesting different functions between AtOSA1 and yeast ABC1. 
Compared to the wild-type plants, AtOSA1 T-DNA-insertion mutants accumulated less Cd in leaves but 
nevertheless showed a more pronounced chlorotic phenotype when e��posed to Cd. atosa1 mutants also exhibited 
an increased sensitivity towards o��idative stress and light. Furthermore, they displayed constitutively higher 
supero��ide dismutase activities. Sequence analysis predicted that AtOSA� contains a putative kinase domain. 
In gel protein kinase assays using myelin basic protein as a kinase substrate revealed that, compared to the 
wild type, chloroplast envelope membrane fractions from the Atosa1 mutant lacked a 70 kD phosphorylated 
protein.
Our data suggest that the chloroplast AtOSA� is involved in reactive o��ygen sensing and could participate in 
controlled long distance transport of Cd from the root to the shoot.
Based on the same transcriptomic analysis, we also found two ABC transporters, AtATH12 and AtPDR1, 
whose gene expression were altered by cadmium.
ABC (ATP Binding Cassette) transporters constitute one of the largest families of proteins in living organisms 
present in all kingdoms. ABC proteins are involved in the transport of a wide variety of substances, including 
ions, carbohydrates, lipids, xenobiotics, antibiotics, drugs and heavy metals. The analysis of gene expression 
in Arabidopsis thaliana using cDNA-microarrays and RT-PCR showed that AtATH12 transcript levels are 
induced by Cd2+ treatment.
To investigate the role of the half size ABC transporter AtATH12, we first verified its predicted plastidic 
localization using an AtATH12-YFP fusion protein which was driven by the CaMV35S promoter. In order 
to demonstrate that AtATH12 is indeed involved in cadmium transport, we performed drop test analysis by 
complementing a cadmium sensitive yeast strain (YMK2) with AtATH12, which did or did not contain the 
chloroplastic transit peptide. These results showed that AtATH12 could partially complement the cadmium 
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sensitive phenotype when e��pressed without the targeting sequence. Additionally, determination of metal 
contents in AtATH12 transformed yeasts cells revealed that these cells accumulated significantly less Cd and 
Fe compared to the empty vector control, suggesting that AtATH12 may act as a Cd and Fe exporter. atath12 
T-DNA insertion mutants were more affected by Cd2+ than wild type plants. When grown hydroponically, 
leaves from wild-type Arabidopsis plants accumulated more cadmium than atath12 and the mutant exhibited 
a marked chlorotic phenotype when exposed to 0.5 μM CdCl2 for 7 days. A similar phenotype was observed 
in Fe-deficiency condition.
Ferritin is the major form of iron storage in the chloroplast with one ferritin molecule capable of storaging up 
to 4000 iron atoms. To investigate whether iron homeostasis is disturbed in the chloroplast we performed a 
Western blot analysis on one-week-old seedlings grown on ½ MS or on iron-free agar plates and observed that 
atath12 mutants contained considerably more ferritin.
Together these results strongly suggest that the chloroplast localized AtATH12 is involved in iron and cadmium 
e��port from the chloroplast to the cytosol.
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Zusammenfassung
Cadmium (Cd2+) ist ein hoch to��isches Metall, welches von der „International Agency for Research on Cancer“ 
als carzinogen fuer Menschen eingestuft wird. Cadmium ist weit verbreitet und zaehlt zu einem der groessten 
Umweltgifte. Cd2+-Akkumulation in Pflanzen fuehrt zu Vergiftungserscheinungen wie Chlorose, Stoerungen 
der Homöostase essentieller Metalle (Cu2+, Zn2+, Mn2+ und Fe2+), Schaedigung von Proteinen, Beeintraechtigung 
bestimmter Enzymaktivitaeten und Lipid-Peroxidierung. Die Wissenschaft, welche sich mit den Effekten von 
Cadmium befasst, verfolgt oft zwei Ziele: Zum einem geht es darum mehr ueber cadmiuminduzierten Stress, 
Cadmiumtransport und Cadmiumentgiftung in Erfahrung zu bringen. Zum anderem wird angenommen, dass 
sowohl die Aufnahme als auch die Verteilung von Cadmium innerhalb der Pflanze fast ausschliesslich von 
Transportern mit hohen Affinitaeten fuer andere divalente Kationen bewerkstelligt wird. Deshalb fuehrt die 
Cadmium-Forschung oft zur Entdeckung von neuen Transportern und anderen Proteinen, welche an der 
Homöostase anderer Mikroelemente beteiligt sind. Mit dem Ziel neue Transporter zu identifizieren, die bei 
der Aufnahme von Cadmium eine Rolle spielen, entwickelten wir einen Micro-array Chip, auf welchem 
alle ABC-Transporter sowie andere Membranproteine von A. thaliana enthalten sind. Die Behandlung von 
Pflanzen mit Cadmium zeigte, das einige der entsprechenden Gene durch Cadmium positiv transkriptionell 
reguliert werden. Von diesen wurden drei Kandidatengene im Rahmen der hier vorliegenden Doktorarbeit im 
Detail analysiert.
Als erstes Gen wurde AtOSA1 (Arabidopsis thaliana O��idative Stress related Abc� like protein) charakterisiert. 
AtOSA1 gehoert zur Familie der Abc1 Proteine. Abc1 aehnliche Proteine sind von Prokaryoten und aus den 
Mitochondrien von Eukaryoten bekannt. AtOSA1 allerdings wurde im Envelope des Chloroplasten lokalisiert 
und ist damit das erste Mitglied dieser Proteinfamilie mit Sitz im Plastiden. Trotz hoher Aehnlichkeit/
Homologie zum mitochondrialen ABC1 von Saccharomyces cerevisiae, war es nicht moeglich Hefestaemme 
ohne funktionellen ABC� mit AtOSA� zu komplementieren, was darauf hindeutete, dass AtOSA� und ABC� 
aus Hefe unterschiedliche Funktionen erfuellen. 
Im Vergleich zum Wildtyp akkumulierten AtOSA1 T-DNA Insertionsmutanten weniger Cadmium in Blaettern, 
zeigten aber dennoch einen staerkeren chlorotischen Phaenotyp in Gegenwart von Cadmium. atosa1 
Mutanten waren ausserdem anfaelliger gegenueber oxidativem Stress sowie Hochlicht und verfuegten ueber 
eine konstitutiv hoehere Supero��id-Dismutase Aktivitaet. Sequenzanalysen lassen darauf schliessen, dass 
AtOSA1 eine putative Kinasedomaene besitzt. In gelo Proteinkinase Assays mit Myelin-Basic-Protein als 
Kinasesubstrat konnten zeigen, dass im Envelope der Chloroplasten von atosa1-Mutanten ein 70 kD grosses 
phosphoryliertes Protein fehlt.
Unsere Daten deuten darauf hin, dass das chloroplasdidaere AtOSA1 beim Dedektieren von reaktiven Sauerstoff 
beteiligt ist und eine Rolle beim Ferntransport von Cadmium von Wurzel nach Spross spielen koennte.
Basierend auf derselben Transkriptionsanalyse wurden ausserdem zwei ABC-Transporter, AtATH12 und 
AtPDR2, gefunden, deren E��pression durch die Applikation von Cadmium veraendert wurde.
ABC (ATP-Binding-Cassette) Transporter bilden eine der groessten bekannten Proteinfamilien, mit 
Representanten in Bakterien, Pilzen, Tieren und Pflanzen. ABC-Proteine sind beim Transport einer Vielzahl von 
Substanzen beteiligt, unter anderen Ionen, Carbohydraten, Lipiden, Xenobiotika, Antibiotika,  Pharmazeutika/
Artzneimittel  und Schwermetalle. Die Analyse der Genexpression in Arabidopsis thaliana mit Hilfe von 
cDNA-Microarrays und RT-PCR konnte zeigen, dass AtATH12 Transkriptlevel durch Cd2+ induziert werden. 
Um die Funktion des „half-size“ ABC-Transporters AtATH12 genauer zu untersüchten, wurde zunaechst seine 
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vorrausgesagte chloroplastidaere Lokalisation durch ein AtATH12-YFP Fusionsprotein unter der Kontrolle 
des CaMV35S-Promoters bestaetigt. Um weiterhin zu verifizieren, dass AtATH12 in der Tat Cadmium 
transportiert, komplementierten wir einen cadmiumsensitiven Hefestamm (YMK2) mit AtATH12 mit und ohne 
das chloroplastidaere Transitpeptid. Drop-Test Assays konnten zeigen, dass AtATH12 ohne die „Targeting“-
Sequenz die Cadmiumsensitivitüt teilweise komplementieren kann. Ausserdem liess eine Quantifizierung der 
Metallgehalte in AtATH12-transformierten Hefezellen erkennen, dass diese, im Vergleich zur Vektorkontrolle, 
signifikant weniger Cadmium und Eisen akkumulierten, was darauf hindeutet, dass AtATH12 als ein Cadmium- 
und Eisene��porter fungiert.
atath12 T-DNA-Insertionsmutanten waren gegenueber  Cd2+ sensitiver als Wildtyp-Pflanzen. Unter 
hydroponischen Wachstumsbedingungen nahmen Arabidopsis Wildtyp-Pflanzen mehr Cd2+ in ihre Bleatter 
auf als atath12 und die Mutante entwickelte einen markanten chlorotischen Phaenotyp wenn sie fuer 7 Tage 
einer 0.5 µM CdCl2 Loesung ausgesetzt wurde. Ein aehnlicher Phaenotyp konnte unter eisenlimitierenden 
Bedingungen beobachtet werden.
Ferretin ist eine der Hauptformen der Eisenlagerung in Chloroplasten, wobei ein Ferretin-Molekuel bis zu 
4000 Eisenatome aufnehmen kann. Um zu ueberpruefen, ob die Eisenhomoostase in Chloroplasten gestoert 
ist, unternahmen wir eine Western-Blot Analyse an 7 Tage alten Keimlingen, welche entweder auf ½ MS oder 
auf eisenfreien Agarplatten angezogen wurden. Diese bestaetigte, dass atath12 Mutanten wesentlich weniger 
Ferretin enthalten.
Zusammengenommen weisen die Resultate stark darauf hin, dass das chloroplastidaere AtATH12 am Export 
von Cadmium und Eisen aus Plastiden beteiligt ist.
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Chapter 1
General Introduction
 Introduction 
Introduction
As primary producers, plants and algae are the first 
and essential components of the food chain. Their 
ability to assimilate carbon, sulphur and nitrogen 
and to acquire minerals from the soil which serve to 
synthesize amino-acids and vitamins make them the 
main source of nutrients for animals and humans. 
However, by taking up toxic heavy metals they may 
also contribute in introducing unwanted compounds 
in the food chain leading to health problems.
Of major concern are the metalloids arsenic (As) 
and selenium (Se), and the metals cadmium (Cd), 
mercury (Hg) and lead (Pb), which may cause several 
health problems. The starting point of my thesis 
was the question how plants take up heavy metals, 
more specifically cadmium and how this toxic heavy 
metal is distributed in the plant and within a cell. It is 
generally accepted, that with a few e��ceptions plants 
do not contain transporters which specifically take up 
toxic heavy metals, but that these heavy metals are 
taken up by other transporters required for the uptake 
of divalent cationic micronutrients. Results have been 
published, showing that cadmium is taken up by iron 
and zinc transporters. In the second part of my thesis 
such a putative Fe/Cd transporter will be described. 
Therefore besides describing how plants deal with Cd, 
special emphasis will be given also to iron transport 
and metabolism. In this Introduction I will focus on 
cadmium because this non-essential metal has been 
well-studied in plants and it belongs to the toxic metals 
most efficiently taken up by plant roots. Cadmium is 
a major environmental contaminant emanating from 
mining, industrial usage, anthropogenic activity and 
use of agro-chemicals (Jensen and Brorasmussen 
1992; Prasad 1995). The International Agency for 
Research on Cancer has classified cadmium as human 
carcinogen (Waalkes 2000). In plants, even at low 
concentrations, Cd can cause serious damages, like 
leaf chlorosis and necrosis, and can affect growth 
and development. Additional effects have also been 
described to occur in plants which take up cadmium, 
such as breakdown of the photosynthesis apparatus, 
reduced respiration, indirect production of reactive 
oxygen species, DNA interaction and binding to thiol 
groups of enzymes leading to their inactivation. To 
limit Cd to��icity, plants have developed different 
strategies like e��clusion, formation of comple��es, 
compartmentalization and sequestration (Clemens et 
al. 2002).
In order to reduce the uptake of cadmium by animals 
and humans, different strategies to limit to��ic 
metal uptake in the edible parts of plants can be 
envisaged: i) restriction of metal movement to roots 
by mycorrhizas, excretion of root exudates which 
act as heavy metal chelators or binding of metals to 
the cell wall of roots; ii) reduction of influx across 
the root plasma membrane or active efflux into the 
apoplast and finally to the soil, iii) increase of metal 
chelation in the cytosol by various ligands, activate 
transport and accumulation of metals into the vacuole 
to fix heavy metals in non-edible parts of the plant, 
modulation of long-distance metal transport in order 
to either reduce the transport of heavy metals to edible 
parts or to increase the flux back to non edible parts of 
the plant (Fig �).
Cadmium transport
Cadmium uptake by IRT1
Epidermal cells constitute the main barrier between 
the soil and the plant, and transporters that are not 
specific enough to only recognize one of the required 
micronutrients but recognize and transport also toxic 
heavy metals probably play a central role in plant 
survival as well as for human diets.
Our current knowledge indicates that Cd uptake is 
mediated by transporters or channels for other divalent 
cations (Clemens 200). Particularly several of the 
Zn and Fe transporting ZIP (ZRT, IRT-like Protein) 
gene products have been shown to transport Cd with a 
wide range of affinities (Grotz et al. 1998; Ramesh et 
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Fig. 1: Schematic representation of Cd uptake and translocation in plant roots
Cd2+ is taken up into the plant by ZIP transporters (IRT1, ZIP1-4, ZNT1, 2 are good candidates) and possibly by Ca2+ channels. 
In the cytosol, the main part of Cd is chelated with GSH to form bisglutathionato-Cd complexes (GS2-Cd) and other unknown 
molecules (?-Cd). GS2-Cd can interact with PC synthase resulting in the formation of PC-Cd (LMW) comple��es. Chelation and/or 
sequestration processes by ferritins, metallothioneins and small molecules such citrate are postulated in plants, but they are not 
mentioned here. Also, presence of free Cd ions is supposed to be very limited due to the physiological conditions in the cytosol. 
Furthermore, Cd2+ may also interact with Ca2+ binding proteins.
For detoxification, Cd2+ or Cd-conjugates could be remobilized from the cytoplasm into the apoplast by ABC transporters (PDR8) or 
sequestered into the vacuole. For the latter, two different pathways are postulated, GS2-Cd and/or LMW comple��es are hypothesized 
to be transported into the vacuole by ABC transporters not characterized yet, or Cd2+ could be sequestered into the vacuole by 
Cd2+/H+ antiporters (AtCAX2 and AtCAX4 exhibit the highest Cd (II) transport activity). At least a part of vacuolar Cd is bound in 
HMW and in yet unidentified complexes (?-Cd). However, a fraction of vacuolar Cd can be remobilized into the cytosol by Nramp 
transporters which are upregulated under Fe starvation (Nramp1, 3, 4). The efficiency of the sequestration and exclusion processes 
determines the amount of Cd that will be transferred to the aerial parts of the plant. Loading of the xylem with Cd occurs by HMA-
type plasma membrane efflux pumps (HMA2, 4) and an efflux of PC-Cd or GS2-Cd comple��es from the cytosol to the ��ylem sap is 
possibly mediated by an unknown transporter. In the xylem Cd is bound to so far unknown ligands (?-Cd).
Similar mechanisms are occurring in aerial parts of the plant where some of the transporters described above or their homologues 
have similar functions. Phloem-loading and unloading of Cd(II) is postulated but is only poorly described.
al. 2003; Vert et al. 2001). ZIP proteins are predicted 
to contain eight transmembrane α-helices and a 
histidine-rich variable cytoplasmatic region between 
transmembrane domains 3 and 4 (Guerinot 2000). 
One of the first members identified in this family was 
IRT� (iron-regulated transporter), an Arabidopsis 
cation transporter that is highly e��pressed in the roots 
of iron-deficient plants (Eide et al. 1996). AtIRT1 has 
been demonstrated to be essential for Fe-acquisition 
from the soil in nongrass plants such as A. thaliana but 
also in rice, which as a strategy II plant takes up iron 
both as Fe2+ as well as Fe-phytosiderophore (Bughio 
et al. 2002; Connolly et al. 2002; Henriques et al. 
2002; Ishimaru et al. 200; Vert et al. 2002). IRT� is 
able to transport several divalent metal ions, including 
Cd, Co, Mn, and Zn (Eide et al. �99; Korshunova 
et al. 1999; Vert et al. 2002). Under iron-deficient 
conditions, strategy I  plants acidify the soil through the 
activation of a specific plasma membrane H+-ATPase 
localized in root epidermal cells, potentially encoded 
by the AHA2 gene in Arabidopsis (Fox and Guerinot 
1998). Consequently, iron solubility increases, and 
Fe3+ is reduced by a specific reductase in order to be 
converted into the transportable Fe2+ form. Fe3+-chelate 
reductase activity is probably the best studied among 
the different plasma membrane reductases (Moog et al. 
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1995). FRO2 is a plasma membrane-localized  enzyme 
responsible for the Fe(III)-chelate reductase activity 
that is induced under iron deficiency in the roots of 
Arabidopsis (Robinson et al. 1999) Characterization 
of three FRO2 Arabidopsis mutants ( frd1-1, frd1-2, 
and frd1-3) that do not show induction of Fe3+-chelate 
reductase under iron deficient conditions confirmed 
that iron must be reduced prior to its transport and 
that Fe3+-reduction can be uncoupled from proton 
release (Yi and Guerinot 1996). Overexpression of 
FRO2 has demonstrated that Fe(III)-chelate reductase 
activity is the rate-limiting step in Fe-acquisition; 
plants overe��pressing FRO2 are resistant under 
low Fe growth conditions (Connolly et al. 2003). In 
Arabidopsis, FRO2 is regulated both transcriptionally 
and post-transcriptionally.
It has been reported that plants grown under iron-
deficiency accumulate a variety of cations, including 
the toxic metal cadmium (Cohen et al. 1998). This is 
directly linked to the incomplete selectivity of IRT�. 
Under iron deficiency the ratio of Fe2+ to Cd2+ is changed 
in favour of Cd2+ and consequently proportionally 
more Cd2+ is taken up. Further evidence for the role of 
IRT1 in cadmium uptake comes from the observation 
that A. thaliana overe��pressing AtIRT� under the 
control of the 35S promoter accumulated larger 
amounts of Cd than wild-type plants rendering them 
hypersensitive to this to��ic heavy metal (Connolly et 
al. 2002). These results confirm the observations made 
with S. cerevisiae where heterologous e��pression of 
IRT1 has indicated to contribute to the uptake of Cd2+ 
(Korshunova et al. �999). IRT1 and FRO2 e��pression 
are repressed by cadmium (Connolly and Guerinot 
2002). However, since in contrast to iron Cd(II) 
cannot change its redo�� state, it is very unlikely that 
FRO2 exhibits a function in Cd uptake. A hypothesis 
is that FRO2 and IRT� form a comple�� that is only 
stable when both proteins are present in the membrane 
(Connolly et al. 2003).
Other members of the ZIP family may also contribute 
to cadmium uptake, although at a lower degree. 
Heterologous expression of AtZIP1,AtZIP2, AtZIP3 
and TcZNT� in S. cerevisiae showed that Zn2+ uptake 
activity is partially blocked by Cd2+ (Grotz et al. 1998). 
In yeast these transporters  mediate high-affinity Zn2+ 
uptake and low-affinity Cd2+ uptake (Pence et al. 
2000), respectively, suggesting the contribution of 
other ZIP transporters to Cd2+ uptake.
Iron is an essential micronutrient, which is present in 
sparingly available amounts in many soils. Therefore, 
many studies have been carried out to understand 
the transport mechanisms and the regulation of IRT� 
(Briat et al. 2007a; Briat et al. 2007b). Detailed 
studies of the ZIP proteins e��pressing different 
mutated forms in yeast demonstrate that some of the 
residues are important for substrate recognition and 
transport activity (Rogers et al. 2000). For e��ample 
strain expressing IRT1 mutated in D100A and E103A 
is less sensitive to cadmium than either single mutant 
and transports zinc but not iron or manganese. Plaza 
et al. (Plaza et al. 2007) took another approach. 
They e��pressed AtIRT� homologues from two 
different ecotypes of the hyperaccumulator Thlaspi 
caerulescens and showed that the two gene products 
conferred different Cd sensitivity to yeast.
A detailed knowledge about IRT1 would allow 
to develop or select plants that take up iron more 
specifically excluding toxic heavy metals and which 
would have normal or increased contents of essential 
minerals in the edible parts but that at the same 
time reduced to��ic elements. In contrast, ferritin 
overe��pression can enhance Cd uptake (Sappin-
Didier et al. 2005).
ABC transporters involved in heavy metal 
tolerance
ABC transporters constitute one of the largest 
families of proteins in living organisms ranging from 
bacteria to humans (Higgins 1992). ABC proteins are 
defined by the presence of an ATP binding cassette, 
also known as the nucleotide-binding domain 
(NBD), which contains several highly conserved 
motifs, including the Walker A and B sequences, the 
ABC signature motif, the H loop and the Q loop. In 
addition to NBDs, ABC transporters also contain 
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transmembrane domains (TMDs) (Hyde et al. 1990; 
Sanchez-Fernandez et al. 2001). The majority of 
ABC genes encode membrane-bound proteins that 
participate directly in the transport of a wide range of 
molecules across membranes (Jungwirth and Kuchler 
2006; Linton and Higgins 1998; Martinoia et al. 2002; 
Rea 2007; Rogers et al. 200�; Theodoulou 2000).
Various types of ABC transporters have been shown to 
be involved in heavy metal resistance and particularly 
in cadmium resistance processes. Two yeast ATP-
binding cassette (ABC) transporters sequester heavy 
metals into vacuoles. ScYCF1 is an ABC transporter 
of S. cerevisiae that contributes to cadmium resistance 
by pumping glutathione-conjugated cadmium into 
the vacuole (Li et al. 1997). In contrast, SpHMT1, 
a half-size ABC transporter of Schizosaccharomyces 
pombe, is a vacuolar phytochelatin–Cd comple�� 
transporter (Ortiz et al. 1995). YCF1 has successfully 
been expressed in A. thaliana. Compared to wild-
type plants, YCF1 overexpressing plants exhibited 
increased Cd and Pb levels in shoots (Song et al. 
2003). Additionally, vacuoles from transgenic plants 
exhibited a higher bis-glutathionato-Cd transport 
activity. The plant ABC transporters AtMRP3 (Bovet 
et al. 2003) and AtATM3 (Kim et al. 2006) have been 
suggested to transport Cd2+. AtMRP3 partially restores 
cadmium resistance when e��pressed in the ycf1 mutant 
(Tommasini et al. 1998), and the mitochondrial ABC 
transporter AtATM3 confers cadmium and lead 
resistance when overe��pressed in Arabidopsis (Kim 
et al. 200) and is also implicated in iron homeostasis 
(Chen et al. 2007). Recently, Gaillard et al. (Gaillard 
et al. 2008) suggested that AtMRP6 is part of a cluster 
of ABC transporters involved in metal tolerance.
The pleiotropic drug resistance (PDR) subfamily 
(Crouzet et al. 200; van den Brule and Smart 2002) 
encodes full-size ABC proteins with a typical PDR-
type reverse (ABC-TMS)2 configuration. All yeast 
and plant PDR proteins that have been localised so 
far reside in the plasma membrane and are regulated 
by various stimuli (Moons 2003; Smart and Fleming 
1996). Several members of this gene family are also 
regulated by essential or toxic metals. NtPDR3 has 
been characterized as an iron-deficiency inducible 
ABC transporter in Nicotiana tabacum (Ducos et al. 
2005), The expression of rice OsPDR9 was found 
to be markedly induced by the heavy metals Zn and 
Cd (Moons 2003) and AtPDR12 contributes to lead 
resistance in Arabidopsis (Lee et al. 2005). Results 
based on membrane localisation and mutant analysis 
showed that lead resistance is related to AtPDR�2. 
Overe��pression of this gene resulted in a reduction 
of the Pb content, suggesting that AtPDR12 functions 
as a Pb(II) or Pb(II)-chelate extrusion pump at 
the root level. Particularly interesting is the fate of 
PDR8. Two recent studies presented evidence that 
PDR8 is involved in pathogen resistance (Kobae et 
al. 2006; Stein et al. 2006). However, a following 
study demonstrated that PDR8 is also implicated in 
Cd2+ and Pb2+ resistance (Kim et al. 2007). AtPDR8-
overe��pressing plants are resistant to Cd2+ and have 
reduced cadmium contents in their shoots and roots 
compared to wild type, knockout or silencing plants. 
The strong e��pression in the root epidermal cells 
is probably the principal reason for the decreased 
amount of cadmium in AtPDR8-overexpressing 
plants. Consequently, the authors propose that 
AtPDR8 confers Cd2+ resistance by extruding Cd2+ 
or Cd conjugates from the cytosol back to the soil. 
Moreover AtPDR8 decreases Cd contents stronger 
in the shoot than in the root, which may be due to 
the root-shoot barrier allowing only a limited transfer 
of Cd2+ to the shoot. A similar observation was made 
when the heavy-metal pumping ATPase ZntA was 
expressed under the control of the 35S promoter, 
which also conferred increased Cd2+ tolerance and 
reduced Cd2+ contents in Arabidopsis plants (Lee et 
al. 2003), The observation that AtPDR8 extrudes Cd2+ 
across the plasma membrane appears quite unique, 
since so far no similar observation has been reported 
for any other organism.
The observations made for AtPDR8 may have a 
practical impact, since they allow either to search for 
plant varieties with constitutively high e��pression 
of the AtPDR8 homolog or to produce AtPDR8-
overe��pressing plants to reduce Cd contents in 
 Introduction �0
plants.
Detoxification mechanisms in plants and other 
organisms employ chelating compounds such as 
metallothioneins and phytochelatins, cystein-rich 
membrane proteins (Clemens 2001; Clemens et al. 
1999; Clemens et al. 2001; Cobbett and Goldsbrough 
2002; Song et al. 200�).
Besides uptake from the soil various processes are 
involved in the accumulation of potentially to��ic heavy 
metals by plants, including chelation and cellular 
compartmentalization. In non-hyperaccumulator 
plants, Cd2+ is known to accumulate primarily 
in roots and only a minor part is transferred to the 
shoot. This is probably due to the fact that part of the 
cadmium is comple��ed to the cell wall and that the 
majority of cadmium entering the cells is efficiently 
translocated into the vacuole either in its free form or 
as comple��es mainly with thiol rich compounds such 
as phytochelatins.
Cadmium transport at the vacuolar membrane.
CAX-transporters
The vacuole is supposed to be the main site of Cd2+ 
accumulation and tonoplast cation/H+ antiporters are 
considered as one of the system for Cd2+ translocation 
from the cytoplasm to the vacuole where it is thought 
to be sequestered (Vogelilange and Wagner 1990). 
Even though it is known that PC-Cd comple��es 
(LMW) are transported into the vacuole by Hmt1, a 
half-size ABC transpoter from S. pombe (Ortiz et al. 
1992; Ortiz et al. 1995) and that phytochelatins are 
produced also by plants, no protein responsible for 
the same activity has been identified so far in plants.
CAX (CAtion eXchangers) transporters have 
originally been identified as vacuolar Ca2+/H+ 
antiporters. They contain 11 predicted α-helices 
and several conserved histidine residues (Gaxiola 
et al. 2002). In plants a vacuolar Cd2+/H+ antiport 
activity has been demonstrated (Koren’kov et al. 
2002; Salt and Wagner 1993) and at least one of the 
CAX transporters has been shown to catalyze the 
e��change of Cd2+ and other cations with protons at 
the vacuolar membrane (Shigaki and Hirschi 2000). 
Although Arabidopsis cation e��changer proteins 
catalyze the e��change of Ca2+ with protons, they 
do not appear to encode ion-specific transporters 
and modification of a single amino acid (His338) by 
site-directed mutagenesis was shown to increase Cd 
selectivity of the strong Ca transporter sCAX1 (N-
terminal truncation of CAX1 resulting in constitutive 
CAX1 activity) (Shigaki et al. 2005). Comparison 
of seven different CAX genes in Nicotiana tabacum 
cv. KY14 indicated that all transported Cd2+, Ca2+, 
Zn2+ and Mn2+ to varying degrees, but that CAX4 
and CAX2 exhibited high Cd2+ transport activity and 
selectivity in root tonoplast vesicles (Korenkov et al. 
2007). Overexpressing AtCAX2 or AtCAX4 tobacco 
plants under the control of different promoters were 
more cadmium tolerant and accumulated more of this 
heavy metal in roots compared to control plants. In 
contrast, shoot Cd2+ was not different in seedlings of 
transgenic and wild-type plants grown in hydroponic 
culture in the presence of 0.02 or 3 μM Cd2+. The 
lower leaves of mature plants e��pressing AtCAX2 
or AtCAX4 under the control of two different root-
selective promoters accumulated less Cd2+ than the 
respective controls when grown in the field (no Cd2+ 
amendment to the soil) (Korenkov et al. 2007). CAX2 
and CAX4 expression was shown to affect the root-
to-shoot Cd distribution and the amount of Cd taken 
up had a great impact on this distribution (Koren’kov 
et al. 2007).
These results support the hypothesis that CAX 
transporters play an important role in vacuolar 
cadmium sequestration and that sequestration of 
Cd2+ in root cell vacuoles might lead to reduced Cd2+ 
translocation to the shoot. Since it has been shown 
that substrate specificity of these transporters can be 
easily altered, CAX genes may be a target to increase 
the vacuolar heavy metal sinks in the root in order to 
decrease cadmium contents in the shoot.
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NRAMP-transporters
NRAMP (Natural Resistance Associated Macrophage 
Protein) proteins are a ubiquitous family of metal 
transporters present in bacteria, fungi, plants and 
animals (Cellier et al. 1995; Cellier et al. 2001; 
Williams et al. 2000). The Arabidopsis genome 
contains seven members of the NRAMP family. 
Three NRAMP proteins are implicated in Fe transport 
(Alonso et al. �999; Maser et al. 200�). Based on 
their abilities to complement a Fe uptake mutant in 
yeast, AtNRAMP1, AtNRAMP3 and AtNRAMP4 
have been characterized as iron transporters (Curie 
et al. 2000; Thomine et al. 2000). These genes also 
confer Cd2+ uptake activity when e��pressed in S. 
cerevisiae. NRAMP4 as well as NRAMP3 are 
localized in the vacuolar membrane (Lanquar et al. 
2005; Thomine et al. 2003). In contrast, AtNRAMP1 
has a plastid targeting sequence. Overe��pression of 
AtNRAMP� increases the resistance of plants to to��ic 
Fe concentrations, suggesting a role in Fe distribution 
rather than plastidic iron uptake (Curie et al. 2000).
As IRT1, AtNRAMP3 is able to transport Cd2+ 
and is upregulated under iron deficiency (Eide et 
al. �99; Rogers et al. 2000; Thomine et al. 2000). 
Interestingly, overe��pression of AtNRAMP3 provoked 
a downregulation of the primary Fe uptake system, 
IRT1 and FRO2 (Thomine et al. 2003). These data 
suggest that the overe��pression of AtNRAMP3 
leads to increased Fe levels in the cytosol thereby 
downregulating Fe deficiency-induced genes such as 
FRO2 and IRT1. Overe��pression of AtNRAMP3 in A. 
thaliana resulted also in Cd2+ hypersensitivity.
It was suggested that AtNRAMP3 and AtNRAMP4 
exhibit redundant functions because the single 
mutants did not show obvious growth defects. In 
contrast, the double mutant was sensitive to Fe 
depletion and the phenotype was correlated with the 
level of Fe depletion. Double mutants are no more 
able to mobilize Fe stores from the vacuole early in 
development (Lanquar et al. 2005). This is a main 
constraint during germination, since the young 
plantlets depend on internal iron stores.
These results support the hypothesis that cadmium 
can be remobilized from the vacuole to the cytosol 
via NRAMP transporters. Plants which translocate 
iron during seed germination will also necessarily 
remobilize stored Cd2+. A sufficient iron supply 
during seed production may lower the translocation of 
cadmium during the vegetative period. Alternatively, 
a better understanding of the substrate recognition 
by NRAMPs may allow engineering NRAMPs 
which will be more specific for Fe2+, decreasing the 
translocation of vacuolar Cd2+. 
Translocation of cadmium from the root to the 
shoot
The activity of metal-sequestering pathways in root 
cells likely play a key role in determining the rate of 
translocation to the aerial parts of the plant.
HMA-transporters
Long-distance transport of inorganic nutrients 
plays a crucial role in plant development and metal 
distribution. This is the only way to deliver metals 
taken up by root to the shoot. In the shoot part of 
the nutrients and heavy metals may be remobilized 
during further growth and during senescence for seed 
production. The understanding of this process which 
is mediated by different transporters can be useful to 
select or engineer plants which have the capacity to 
accumulate or reduce to��ic heavy metals in different 
tissues.
The Heavy-Metal transporting P1b-ATPase (HMAs) 
proteins are membrane proteins that use ATP to drive 
metal transport across biological membranes against 
their electrochemical gradient (Arguello 2003; 
Axelsen and Palmgren 1998; Lutsenko and Kaplan 
1995). In Arabidopsis three members of the HMA 
family, AtHMA2, 3 and 4, which are classified as 
Zn2+-ATPases, are particularly interesting. AtHMA4 
was the first member of this group to be cloned and 
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characterized (Mills et al. 2003). It confers Cd2+ 
resistance in yeast and rescues the Zn deficiency of the 
E. coli zntA mutant suggesting a role in Zn2+ and Cd2+ 
transport. AtHMA3 confers Cd2+ and Pb2+ tolerance 
to Δycf1 yeast cells, being apparently located in the 
yeast vacuole membrane when fused with green 
fluorescence protein (Gravot et al. 2004). Thus, 
AtHMA3 likely participates in the vacuolar storage 
of Cd2+ in plants. Interestingly, plants overe��pressing 
AtHMA3 improved tolerance to Cd, Co, Pb and Zn 
and Cd accumulation increased by about two to three-
fold in plants overe��pressing AtHMA3 compared to 
wild-type plants (Morel et al. 2009).
In addition, while the hma2, hma3, hma4 single 
mutants do not show any obvious growth defects 
when grown in soil, hma2 hma4 double mutants 
exhibit a drastic phenotype. These plants are 
chlorotic and fail to set seeds (Hussain et al. 2004). 
Analysis of whole plants revealed that hma2 mutants 
accumulated e��clusively more Zn and Cd than wild-
type plants, and hma4 mutant plants accumulated 
more Zn and Cd in the roots but accumulated less Zn 
and Cd in leaves (Verret et al. 200�). This impaired 
distribution was more pronounced in hma2 hma4 
double mutants. Addition of excess Zn to the growth 
medium suppressed the growth defect, despite the 
fact that these double mutants still had consistently 
lower levels of Zn in the aerial portions of the plant. 
Moreover, �09Cd translocation analysis in hma2 hma4 
double mutants and respective single mutants showed 
that root-to-shoot Cd translocation was not altered in 
hma2 while it was decreased to about 60% in hma4 
and nearly completely abolished in double mutants 
(Wong and Cobbett 2009). Additionally, plants 
overexpressing HMA4 have an increased tolerance to 
both Zn2+ and Cd2+. Several lines of evidence support 
a role for HMA4 and HMA2 in mediating the efflux 
of Zn across the plasma membrane resulting in the 
loading of the xylem. Promoter GUS fusions showed 
that these genes were e��pressed in the vascular 
bundles of roots and shoots. Furthermore, HMA2 as 
well as HMA4 have both been demonstrated to reside 
in the plasma membrane (Hussain et al. 2004; Verret 
et al. 200�). These results suggest that apart of their 
main function as translocators for Zn2+ to the shoot 
HMA2 and HMA4 may also transport Cd2+ to the 
shoot. This hypothesis has been confirmed by a very 
recent work with the Zn2+/Cd2+ hyperaccumulator 
A. halleri. Using RNA interference to downregulate 
HMA4 expression Hanikenne et al. (Hanikenne et 
al. 2008) have demonstrated that in A. halleri Zn and 
Cd hyperaccumulation depends on the metal pump 
HMA4 which highly expressed in this plant due to 
a triplication of HMA4 and altered cis-regulatory 
elements.
As for NRAMPs plants require HMA4 homologues, 
since Zn2+ has to be transferred to the shoot. However, 
it may be possible to screen for plants where the Zn2+/
Cd2+ ratio is altered and find elements in the HMA4 
protein which affect the specificity for this transporter. 
Further studies on HMA4 will also reveal amino acids 
important for this specificity and allow to engineer 
plants which have a reduced Cd2+ translocation rate.
In most plant species e��posed to Cd2+, roots accumulate 
significantly higher amounts of Cd than the shoot 
(Breckle and Kahle �992), leading to the reduction 
of cell division and inhibition of the root growth (Liu 
et al. 2003). Nevertheless, even if most of the Cd2+ in 
plants originates from the soil and is taken up by the 
roots, it is worth to mention that Cd can be directly 
taken up by foliar adsorption following atmospheric 
deposition (Jensen and Brorasmussen �992). Within 
the plant Cd2+ can directly or indirectly affect several 
activities in different cell compartments. In the 
following part of the Introduction I will focus on 
o��idative stress.
Cadmium and oxidative stress
In plants, Cd2+ is found in abundance in the apoplast 
and the vacuole which are considered as the main 
Cd2+ stores (Baryla et al. 2001 2003; Carrier et al. 
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2003 2003). However, Cd2+ can also be found in the 
chloroplast where it can directly or indirectly affect 
several activities in different cell compartments. 
The following part of this Introduction will focus 
on o��idative stress in plants and its induction and/or 
alteration resulting from e��posure to heavy metals.
Forms of oxygen species and production sites
O��ygen (triplet o��ygen (ground state) O2), is 
fundamentally essential for energy metabolism and 
respiration and is usually non-reactive to organic 
molecules which have paired electrons with opposite 
spin. Activation of oxygen may occur by two 
different mechanisms: absorption of sufficient energy 
to reverse the spin on one of the unpaired electrons, 
or monovalent reduction. The first mechanism leads 
to the production of singlet o��ygen (�O2) which is 
much more reactive towards organic molecules than 
oxygen. The second mechanism of activation is by 
the monovalent reduction of o��ygen leading to the 
formation of supero��ide (O2·
-), hydrogen pero��ide 
(H2O2), hydroxyl radical (OH·) and finally water. O2·
- 
can be convert into H2O2 by superoxide dismutase 
(Tunc-Ozdemir et al. 2009) (see below) which can 
be detoxified by different enzymes such as catalase 
or peroxidases but can also be converted to the 
destructive OH· through the Fenton reaction, which is 
catalysed by metal ions (mainly Fe, Cu and Zn). This 
hydro��yl radical can initiate the o��idation of organic 
substrates. The oxidation of organic substances may 
proceed by two possible reactions either by addition 
of OH· to the organic molecule or the removal of a 
hydrogen atom. The oxidation of organic substrates 
can form an organic radical which can react with 
o��ygen in the triplet ground-state. The addition of 
triplet oxygen to the carbon radical can lead to the 
formation of a pero��yl radical which can readily attract 
hydrogen from another organic molecule leading to 
the formation of a second carbon radical. This chain 
reaction is the reason why free o��ygen radicals cause 
damage far in e��cess of their initial concentration.
Under light condition, the chloroplasts and 
pero��isomes (through photorespiration) are the main 
ROS producers (Foyer and Noctor 2003) while in 
darkness, the mitochondria appear to be the main 
ROS producers (Ma��well et al. �999; Moller 200�). 
Chloroplasts produce �O2 at photosystem II (PSII) and 
O2•
− at photosystem I (PSI) (Asada 200) and PSII 
(Pospisil 2009) as byproducts. Mitochondria produce 
O2•
− at complexes I and III, also as byproducts. 
Pero��isomes produce O2•
− and H2O2 in several key 
metabolic reactions (delRio et al. 1996). And, finally, 
the NADPH oxidase in the plasma membrane produces 
O2•
−, which participates in several physiological 
processes (Torres and Dangl 2005; Torres et al. 
2005).
Defence mechanisms
Plants contain a set of protective mechanisms which 
allow to eliminate or reduce ROS-caused damages 
(Foyer and Noctor 2005a; b; 2009). The enzymatic 
antio��idant system is one of the protective mechanisms, 
which operates with the sequential and simultaneous 
action of several enzymes including SOD, POD, CAT 
and APX. Superoxide dismutases (Tunc-Ozdemir et 
al. 2009), a group of metalloenzymes, are part of  the 
enzymatic defence system against ROS and catalyze 
the dismutation of supero��ide radicals to molecular 
o��ygen and hydrogen pero��ide (Benov et al. �99; 
Salin et al. �99�). Copper/zinc SOD (CuZnSOD), 
manganese SOD (MnSOD) and iron SOD (FeSOD) 
are three types of SODs reported in plants. MnSOD 
is localized in mitochondria, whereas the FeSODs 
are localized in chloroplasts (Jackson et al. 1978). 
CuZnSOD is present in three isoforms, which are 
found in the cytosol, chloroplast, and pero��isome 
(Bowler et al. 1989; Bueno et al. 1995; Kanematsu 
and Asada 1989). Catalase (CAT) is the predominant 
enzyme responsible for the decomposition of H2O2. 
In Arabidopsis, catalases are encoded by a small 
multigene family consisting of CAT1, CAT2, and 
CAT3 (Frugoli et al. 1998; Frugoli et al. 1996; 
Zentgraf 2009). CAT are located in pero��isomes/
glyoxysomes and mitochondria thereby degrading 
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mostly photorespiratory/respiratory H2O2 (Asada et 
al. �992; Willekens et al. �99�). Pero��idases (POD) 
are a family of enzymes found in all plants; they 
are heme-containing monomeric glycoproteins that 
utilize either H2O2 or O2 to o��idize a wide variety 
of molecules. Peroxidases are usually classified as 
acidic, neutral, or basic, according to their isoelectric 
points. Most higher plants possess a large number 
of peroxidase isoenzymes, which are encoded by 
multigene families. Several physiological functions 
for peroxidases in plants have been reported, such 
as removal of H2O2, o��idation of to��ic compounds, 
biosynthesis and degradation of lignin in cell walls 
(Grisebach 1981; Lagrimini 1991; Mader and Fussl 
1982), auxin catabolism (Gazaryan et al. 1996; 
Hinman and Lang 1965), and defence against 
pathogen or insect attack (Dowd et al. 1997; Ye and 
Ng 2002). They can use a wide range of electron 
donors, e.g. guaiacol, therefore, they are referred to as 
guaiacol peroxidases (Adam et al. 1999). Ascorbate 
peroxidase (APX) is primarily located in chloroplasts 
and cytosol and as the key enzyme of the ascorbate 
cycle (see below), it eliminates peroxides by 
converting ascorbic acid to dehydroascorbate (Asada 
�992; Mittler and Zilinskas �99�; Zhang et al. �997). 
One of the characteristic differences in the reaction 
mechanisms of these enzymes is that CAT without co-
substrates can disproportionate H2O2, while POD and 
APX require co-substrates to detoxify H2O2.
The non-enzymatic antio��idant system, which is 
directly related to the enzymatic counterpart, is 
the other protective mechanism. Ascorbate (AA) 
is an important compound and is implicated in 
several processes like growth, electron transport, 
photoprotection, regulation of photosynthesis, and 
preservation of the enzyme activities that contain 
prosthetic transition metal ions. It is also involved 
in the regeneration of the lipophilic antioxidant α-
tocopherol and in keeping a reduced environment 
by reacting directly with ROS. Glutathione (GSH) is 
used in the detoxification of xenobiotics and in PC 
synthesis. It affects also the e��pression of defence 
genes and is associated with stress resistance. As a 
component of the Ascorbate-GSH cycle, GSH is 
involved in the control of the H2O2 concentration in 
plant cells. GSH reacts also nonenzymatically with 
singlet o��ygen, supero��ide and hydro��yl radicals 
(Bergmann and Rennenberg 1993; Drazkiewicz et al. 
2003; May et al. 1998; Noctor et al. 1998; Noctor and 
Foyer 1998; Vernoux et al. 2000) .
The ascorbate-glutathione cycle (AA-GSH cycle) 
is essential in removing ROS and maintaining 
the cellular homeostasis by keeping the reduced 
forms of GSH and ascorbate in cells on a suitable 
level and thus in adjusting the correct cellular 
redo�� potential. This cycle is localized in various 
subcellular compartments including the chloroplasts, 
mitochondria, pero��isomes, glyo��isomes, and 
the plasma membrane. The activities of ascorbate 
peroxidase (APX) and glutathione reductase (GR) 
are crucial for the function of the Asc-GSH cycle. 
APX reduces H2O2 into H2O using ascorbate (AA) 
as theelectron donor, resulting in the formation 
of a monodehydroascorbate radical (MDHA). 
Monodehydroascorbate reductase (MDHAR) reduces 
MDHA into AA using NAD(P)H as electron donor. 
Under limiting supply of NAD(P)H, MDHAs are 
dismutated into AA and dehydroascorbate (DHA). 
Dehydroascorbate reductase (Mani et al. 2007) using 
GSH as an electron donor generates AA from DHA. 
Oxidized GSH (GSSG) is converted to GSH by 
NAD(P)H-dependent GR (Drazkiewicz et al. 2003; 
Gorinova et al. 2007).
The tocopherols, specifically α-tocopherol (vitamin 
E), scavenge free o��ygen radicals, lipid pero��y 
radicals, and singlet oxygen (Diplock et al. 1989). 
The antio��idant properties of tocopherol are the 
result of its ability to quench both singlet oxygen and 
pero��ides (Foyer et al. 2009). Tocopherol is a less 
efficient scavenger of singlet oxygen than ß-carotene 
and therefore in the thylakoid membrane it may 
function to break carbon radical chain reactions by 
trapping pero��yl radicals.
Carotenoids are C�0 isoprenoids and tetraterpenes 
that are located in the plastids of both photosynthetic 
and non-photosynthetic plant tissues. In chloroplasts, 
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the carotenoids act as accessory pigments in light 
harvesting. An additional and maybe more important 
role is their ability to detoxify various forms of 
activated o��ygen and triplet chlorophyll that are 
produced as a result of the light-dependent e��citation 
of the photosynthetic comple��es. In terms of its 
antio��idant properties carotenoids can protect the 
photosystems in different ways: i) by reacting with 
lipid pero��idation products to terminate the chain 
reactions (Burton and Ingold 1984); ii) by scavenging 
singlet o��ygen and dissipating the energy as heat 
(Mathis and Kleo 1973); iii) by reacting with triplet 
or e��cited chlorophyll molecules to prevent formation 
of singlet oxygen; iv) by the dissipation of excess 
e��citation energy through the ��anthophyll cycle.
The balance between ROS production and the 
activities of these ROS-removing systems determines 
the type and concentration of ROS present in a cell 
and thus to which e��tent signalling reactions and/or 
damage will occur.
ROS a balance between damage and signalling
By their great potential to react, ROS can cause damage 
to many cellular components (Moller et al. 2007). 
ROS can o��idize lipids, proteins and nucleic acids, 
leading to alteration in cell structure, mutagenesis and 
in extreme case cell death (Gutteridge and Halliwell 
2000; Halliwell and Gutteridge 1984).
However, ROS have also been proposed to act as 
signalling molecules in plants (Van Breusegem et al. 
2008; Van Breusegem and Dat 2006). In plants, heat 
shock transcription factors have been suggested as 
sensors for H2O2 (Miller and Mittler 200). In contrast 
in bacteria, yeast and mammals our knowledge about 
H2O2 activated transcription factors has been described 
in much more details and include, e.g. PerR, a metal-
depending peroxidine sensor (Lee and Helmann 
200). Moreover, in plants the hypersensitive response 
induced by pathogens is related to H2O2 and possibly 
O2
•– production and these molecules were suggested 
to act as signalling molecules or to be involved in 
the signalling pathways, particularly programmed 
cell death (Costet et al. 2002; Thordal-Christensen 
et al. 1997). Additionally, ROS have been shown to 
be involved in stomatal closure (Desikan et al. 2004; 
Laloi et al. 200�).
The capacity of the Arabidopsis flu mutant to 
accumulate in darkness a specific chlorophyll 
precursor, protochlorophyllide, which generates 
�O2·after e��posure to light, was an important 
system to study ROS (op den Camp et al. 2003). In 
this mutant, �O2 production was proposed to act as 
signal activating several stress-response pathways 
(Meskauskiene and Apel 2002; Meskauskiene et 
al. 2001; Wagner et al. 2004). Identification of 
EXECUTER1, a nucleus-encoded chloroplastic 
protein, supported this hypothesis, since the double 
mutant flu/executer1 accumulates the same amount of 
free protochlorophyllide generating the same amount 
of �O2 as the flu mutant but without provoking any 
stress response.
Within a cell, H2O2 has a half-life time of appro��imately 
� ms with a realistic travelling distance in the order of 
1 μm (Moller et al. 2007). This suggests that H        2O2 can 
act as a signalling molecule within a cell, also since it 
has been shown to diffuse rapidly across membranes 
via aquaporins (Bienert et al. 2007; Bienert et al. 200). 
However, for longer distance ROS signalling it is likely 
that other ROS species are involved (Van Breusegem 
et al. 2008). It should furthermore be mentioned, 
that plants contain several ROS-generating enzymes, 
for instance NADPH oxidases, that can initiate and 
probably amplify ROS production for the purpose of 
ROS signalling (Van Breusegem et al. 2008).
Cadmium and oxidative stress (Fig. 2)
When heavy metals are present in e��cess without 
reaching lethal doses, the production of free radicals 
that are triggered by toxic metals leads to oxidative 
stress.
Interaction of Cd2+ with functional –SH groups 
of enzymes has been proposed as the mechanism 
of inhibition of several physiological reactions 
(Sandmann and Boger 1980). Cd2+ interferes with heme 
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biosynthesis and chlorophyll formation by interacting 
with –SH groups of sulfhydryl requiring enzymes such 
as ALA synthase, ALA dehydratase, PBG deaminase, 
and protochlorophyllide reductase (Prasad 1995). Cd2+ 
enhances the activity of lipo��ygenase which in turn 
might damage the chloroplast membrane and cellular 
constituents such as proteins, DNA, and chlorophylls 
(Somashekaraiah et al. �992; Somashekharaiah 
and Prasad 1991; Summerfield and Tappel 1984). 
Lipoxygenase causes the breakdown of biological 
membranes in plants, mediates the oxidation of 
polyunsaturated fatty acids and produces free radicals 
which in turn destroy the chloroplast membrane. 
This has been proposed as a general mechanism for 
the inhibition of photosynthesis under Cd2+ to��icity 
(Kato et al. 2003; Prasad 1995). Free radicals can also 
be produced in chloroplasts due to blockage of the 
electron flow in PSI by Cd2+.
Because Cd2+ can not change its redo�� state, it can not 
directly participate in Fenton-like redo�� reactions, and 
symptoms of o��idative stress are rather a consequence 
of an interference with antio��idant enzymes and 
Fig. 2. Oxidative stress and defence reactions occurring in the chloroplast when excess of metal is present (taken from Bertrand 
and Poirier, 2005).
(a) depletion of sulfhydryl groups by non-redox metals on reduced glutathione (GSH) regenerated by the glutathione reductase (GR); 
(b) activation of the lipoxygenase by non-redox metals; (c) peroxidation of polyunsaturated fatty acids (PUFA) in membranous 
phospholipids; (d) chelation of metals by phytochelatins either imported from cytoplasm or synthesized through the activity of 
a putative phytochelatin synthetase (PCS) not found yet in chloroplasts; (e) electron transfer from the reaction centre (RC) to the 
acceptor (Acc) of photosystems � or 2; (f) univalent oxygen reduction by PS2; (g) electron transfer through ferredo��in (Fd) and 
NADP+ (specific to PS1); (h) Fenton and Haber-Weiss reactions: one electron oxido-reductions performed by redox metals leading 
to hydroxyl radicals (OH.); (i) spontaneous and/or SOD catalysed disproportionation of supero��ide (O2 -). Supero��ide radicals 
generated by PS1 and PS2 are dismutated by thylakoid- bound m-SOD and hydrogen peroxide formed (H2O2) is reduced to water 
by the thylakoid-bound ascorbate peroxidase (AP). Monodehydroascorbate radical (MDHA) is reduced back to ascorbate (A) by 
the photoreduced ferredoxin (Fd). The O2 - and H2O2 escaped from thylakoid system are scavenged by a stromal s-SOD and by a 
glutathione-ascorbate cycle initiated by stromal AP (Navari-Izzo and Quartacci 2001); (j) ��anthophyll cycle preventing supero��ide 
formation at high irradiance. Epoxidation is inhibited by Cd in diatoms (Bertrand et al. 2001). →: activation by metal(s); ─┤: 
inhibition by metal(s).
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depletion of antio��idant molecules (Clemens 200; 
Sanità Di Toppi et al. 2005; Sanità di Toppi et al. 
2008). Presence of Cd2+ in plants results in o��idative 
stress at the cellular level, as indicated by H2O2 
accumulation, lipid peroxidation and oxidative burst 
(Schutzendubel and Polle 2002; Smeets et al. 2005; 
Smeets et al. 2008). In some plants, exposure to Cd2+ 
resulted in a severe depletion of GSH (Grill 1987; 
VogeliLange and Wagner 1996; Xiang and Oliver 
1998). This is a common response to Cd2+ caused by 
an increased consumption of GSH for phytochelatin 
(PCs) production (Mehra et al. 1988; Zenk 1996). 
PCs sequester Cd via the formation of Cd-thiolate 
comple��es (Strasdeit 200�) and the chelated Cd2+ is 
then transported into the vacuole (Rea 1999). GSH 
pool and its synthesis appear to be crucial for Cd2+ 
tolerance in plants and usually, elevated GSH levels 
are often related to increased tolerance against Cd2+ 
(Howden et al. 1995; Zhu et al. 1999). However, this 
relation was not observed in all cases and seems to 
be plant specific (Arisi et al. 1997). In Arabidopsis 
seedlings e��posed to Cd2+, H2O2 production and 
accumulation was proposed to be the major cause of 
Cd2+ toxicity (Cho and Seo 2005). Cd-resistant plants 
respond to an increased ROS production by increasing 
the synthesis of antioxidant enzymes (SOD, APX, GR) 
and GSH that can partly counteract the accumulation 
of H2O2.
Conclusion
Our knowledge of the identity of the transporters 
for various metals is increasing through the use 
of molecular genetic techniques. However, it is 
becoming apparent that metal-ligand speciation 
and metal transport in plants is dynamic, changing 
between tissues, subcellular compartments and across 
developmental stages, and also between species.
The increased availability of gene deletion mutants, 
or plants overe��pressing or producing only small 
amounts of certain key genes, will provide further 
evidence about the mechanism of Cd2+ translocation 
and accumulation. Finding further genes responsible 
for cadmium tolerance and transport will be important 
also because reduction of Cd2+ contents in edible parts 
of plants might well become a target of future plant 
breeding programs.
Additionally, it is apparent that e��posure to Cd2+ 
results in an increase of ROS production and an 
alteration of some enzymatic and non-enzymatic 
antio��idant systems leading to an alteration of essential 
physiological processes. O��idative stress induced 
by Cd2+ generates chlorosis and lipid pero��idation 
affecting plants developement and plant yields. The 
elucidation of mechanism involved in Cd2+ transport 
and detoxification or in Cd2+ signalling will therefore 
be of major interest for basic as well as for applied 
science. 
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Abstract
Contamination of agricultural soils with trace elements (TE) through inadvertent use of municipal and 
industrial wastes, atmospheric deposition and fertilizers is a matter of great global concern, while the demand 
for safe food (free from contaminants) is ever increasing. Although trace elements, cadmium (Cd), mercury 
(Hg), lead (Pb), and arsenic (As) are of major concern with respect to human food-chain, this review put 
emphasis on Cd which is more soluble in soils, easily taken by plants and hazardous to animal and human 
health. How to produce the good quality food on soils contaminated with TE is a challenge to agronomists and 
plant breeders. Trace elements accumulation into edible plant parts depends on soil and climatic factors, plant 
genotypes, and agricultural practices. Therefore soil and plant specific options that restrict the entry of harmful 
trace elements into food chain and thus protect human and animal health are reviewed. Soil options such as 
in situ stabilization of trace elements in soils by binding agents and changes in physico-chemical parameters 
(e.g. lime, mineral o��ide, manure and organic materials), fertilizer management and element interactions, 
and agronomic practices (crop rotation, tillage, irrigation, etc.) are reducing trace elements uptake by food 
crops. Decontamination techniques such as phytoremediation with hyperaccumulators or high biomass crops 
and solubilization by ligands (e.g. chelate, ion exchange resins and natural and synthetic substances (e.g. 
EDTA, EDDS) are alternative to reduce TE concentrations in soils, although both techniques suffer with 
several limitations. Among the plant options, selection of species and cultivars, metabolic processes (e.g. 
metal binding by proteins, detoxification by glutathione or amino acids), and microbial transformations in 
root rhizosphere potentially can affect TE uptake and distribution in plants. Genetic variations across crop 
species and cultivars are e��ploited to select low uptake potential cultivars, especially low-Cd accumulator 
wheat and rice cultivars. Knowledge on the transporters for metals is increasing through the use of molecular 
genetic techniques. Metal-ligand speciation and metal transport in plants are dynamic, changing across tissues, 
subcellular compartments, developmental stages, and plant species. The microbial reduction of elements and 
the transformations in the rhizosphere play crucial roles in the cycling of both inorganic and organic substances 
and thus they may offer the basis for a wide range of innovative biotechnological processes. The combination 
of soil and plant specific options can optimize the trace element transfer to the food chain.
Key words: Food safety, trace element, land contamination, immobilization, phytoremediation, plant species, 
cultivar, microbial transformation, rhizospheric effect, metal transport, molecular process.
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1 Introduction
The production of quality food depends on the 
availability of fertile, uncontaminated soil, an adequate 
supply of moisture and nutrients and on the biological 
functioning of the agro-ecosystem. In addition to inputs 
of trace elements (metals and metalloids) through 
fertilizers, pesticides, and atmospheric deposition, 
inadvertent use of municipal and industrial wastes, or 
recycling of pig slurries, containing essential nutrients 
but also significant levels of potentially toxic TE, 
are major sources increasing the contamination of 
agricultural soils and thus a matter of growing global 
concern.
Some trace elements, e.g. copper (Cu) molybdenum 
(Mo) and zinc (Zn), are essential for plant growth 
and human and animal nutrition, but can create health 
concern when accumulated in e��cessive concentration. 
Other trace elements such as cadmium (Cd), arsenic 
(As), mercury (Hg), and lead (Pb), not essential for 
either plants or human and animals, pose health risks 
when entered to food chain through contaminated 
soil amendments, fertilizers, and other anthropogenic 
sources. Although contaminants in food and fodder 
do not induce quick death, they cause chronic health 
effects. Therefore the contaminant’s supplying ability 
should be properly regulated through agronomic, 
biochemical, and physical factors and decontamination 
programs.
The potential uptake of TE, from either anthropogenic 
or natural sources, depends on their total concentration 
in the soil, soil solution and exchangeable forms. The 
chemical behaviour of trace elements varies from 
soil to soil and is influenced by soil properties, such 
as pH, organic matter content, clay and amorphous 
hydrous o��ide contents and cation e��change capacity 
(� McLaughlin and Singh �999, 2 Baize et al. 2009). 
However, the accumulation and transport of trace 
elements in plants to harvested and edible parts 
also depends on biotic factors. Those affecting the 
uptake of TE are crop species and cultivars, root 
activity, rooting patterns and rhizosphere associated 
microorganisms (3 Mench et al 2006, 4 Greger and 
Landberg 2008). Agronomic practices which impact 
on trace element concentration in the soil solution by 
affecting the above mentioned chemical properties 
or on crop growth and rooting patterns can affect the 
accumulation of trace elements in plants. Therefore, 
the strategies to restrict trace element entry into 
food chain must include both soil specific options 
(agronomic management) and plant specific options 
(species and cultivars, understanding at molecular 
level, and plant roots and microbial transformation in 
the rhizosphere).
Availability of TE to human is also in control of element 
speciation in the food, dietary consumption and the 
nutritional status of the individual (� McLaughlin and 
Singh1999, 5 Leblanc et al. 2005, 6 Polak et al. 2009). 
Essential metal nutritional status is a risk factor for 
increasing hepatic accumulation of ingested Cd, e.g. 
Fe deficiency increases intestinal absorption of Cd 
via divalent metal transporter � (DMT�) (7 Min et    
al 2008). Metal- binding compounds, phytochelates 
and amino acids protect the plant against to��ic effects 
of metals and provide a pool for metal ion storage 
(8 Cobbett 2000, 6 Polak et al. 2009). In addition, 
the contact between food and TE through processing 
equipment, washing with contaminated water, storage 
and packaging containers can be a TE source in food. 
Once TE is present in food their concentrations are 
rarely modified by traditional preparation techniques, 
although in some cases washing may decrease TE 
content (9 Morgan, �999).
Contaminated soils pose a serious threat to healthy 
food production and hence their remediation is 
required. Remediation of contaminated soils using 
conventional clean- up technologies is e��pensive and 
not feasible for large agricultural areas. Where TE can 
be tightly bound to the soil constituents and are not 
bioavailable as evidenced by bioavailability bioassays 
and other to��icity assays, e��haustive clean-up of soils 
may not be necessary as the contaminants may not 
pose a risk to end users. This remediation option is 
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termed ‘‘risk-based land management’’ (RBLM) and 
is considered attractive as it may save millions of 
Euros in remediation costs. Despite the importance of 
bioavailability, there is still considerable controversy 
regarding its definition and also what constitutes the 
bioavailable fraction in soils.
Uptake and distribution of TE, especially of Cd, differ 
widely among plant species and cultivars (10 Grant et 
al.1999, 11Hocking and McLaughlin, 2000, 12Clarke 
et al. 2002, 3 Mench et al 2006). This could partly 
be related to differences in the abilities of plants to 
control movement of TE from the ��ylem into the 
phloem and via the phloem into the seeds (13Cakmak 
2008; 14 Hart et al.2006). Therefore plant breeding 
and selection can be an important tool to reduce the 
potentially harmful TE such as Cd in food crops (15 
Grant et al., 2008).
The strategies for limiting inappropriate TE uptake 
in the edible parts of plants can be implemented at 
different levels: i) restriction of TE movement to 
roots by mycorrhizas, binding TE to the cell wall and 
root exudates; ii) reduction of influx across the root 
plasma membrane or active efflux into the apoplast 
and finally to the soil, iii) increase TE chelation in 
the cytosol by various ligands, activate TE transport 
and accumulation in vacuole to fix them in non-edible 
plant parts, and iv) modulation of long-distance TE 
transport for either reducing their transport to edible 
parts or increasing the flux back to non edible plant 
parts. 
Plants and microorganisms e��ude a variety of 
inorganic and organic substances that may alter soil 
pH and directly influence TE availability through 
solubilization and complexation. Factors influencing 
TE fractionation and bioavailability in soil include 
root-induced pH changes, TE binding by root 
e��udates (� Dakora and Phillips, 2002), root-induced 
microbial activities (4 Greger and Landberg 2008), 
and root depletion as a consequence of plant uptake. 
The processes affecting rhizospheric pH involve the 
evolution of CO2, the release of root e��udates, the 
excretion or re-absorption of H+ or HCO
3
-, and the 
microbial production of organic acids (17.Hinsinger, 
1999). The microbial reduction of elements is gaining 
interest because these transformations can play crucial 
roles in the cycling of both inorganic and organic 
compounds in a range of environments. If harnessed, 
it may offer the basis for a wide range of innovative 
biotechnological processes.
 In spite of our increased knowledge on TE in soil-
plant-human system, the complex web of geochemical 
and biological interactions limit the prediction of 
the TE bioavailability for plant uptake and their 
assimilation in human and animals. This review focus 
on soil and plant specific options, restricting the entry 
of harmful trace elements into food chain and thus 
protecting human and animal health. Among the soil 
specific options, emphasis is placed on in situ TE 
stabilization in soils by sorbing agents (e.g. mineral 
o��ides, manure and organic materials, phosphates, 
clays, etc.), changes in physico-chemical parameters 
(e.g. addition of alkaline materials, coal fly ashes, 
etc), fertilizer management and element interactions 
and agronomic practices (crop rotation and tillage) (� 
McLaughlin and Singh 1999, 18 Mench et al 2007, 
19 Kumpiene et al 2008; 20 Hartley and Lepp 2008). 
For plant specific options, selection of species and 
cultivars, metabolic processes (e.g. metal binding 
by proteins, detoxification by glutathione or amino 
acids), and microbial transformations in rhizosphere 
affecting TE uptake and distribution in plants are 
discussed. Although TE such as Cd, Hg, Pb, As and 
Se are of major concern with respect to human food-
chain, Cd gets major focuses here because its labile 
pool is relatively important in soils facilitating plant 
uptakes and Cd is e��tremely hazardous to animal and 
human health. 
2. Site specific management of contaminated soils/
sites
It is useful to predict the TE composition of cereal          
grains from topsoil variables. A total of 198 paired 
samples of winter wheat grain and topsoil were 
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collected in the Northern half of France, belonging 
to 18 pedogeological families (2 Baize et al 2009). 
Grain Cd is positively correlated with DTPA- and 
NH�NO3–extractable Cd in topsoil and negatively 
correlated with soil CaCO
3
 content, total Mn content 
and DTPA-extractable Zn. To manage wheat grain 
Cd, farmers can use the prediction model to increase 
soil pH and use a Cd excluder cultivar (3 Mench et al 
200). 
2.1. Soil approaches (agronomic management) 
2.1.1 In situ stabilization through different binding 
agents
Contrary to organic pollutants, TE are not subjected 
to decomposition processes and hence they may 
induce persistent contamination. To manage soils 
contaminated by trace elements various remediation 
techniques are proposed (Fig. �). Most techniques aim 
at protecting humans, animals and the environment 
from exposure to hazards by removing the source 
or interrupting the pollutant linkages. Two major 
categories of remediation and clean-up techniques can 
be distinguished: Techniques that enable the long-term 
restoration and preservation of soil fertility, so-called 
“gentle” remediation techniques, and harsh clean-up 
techniques that primarily aim at eliminating human 
health risks. Most harsh techniques impair biological 
activity or destroy the physical structure of soil. 
Gentle remediation techniques are designed to 
eliminate hazards without destroying the soil, i.e. 
without affecting biological activity, soil organisms, 
chemical properties and physical structure. They are 
in particular required where large areas of low TE 
contaminated agricultural land needs to be remediated. 
The main principle behind in situ stabilization is to 
render TE in unavailable or inactive form (21 Mench 
et al 2006b, 19 Kumpiene et al 2008, 22 Ascher et al 
2009). In situ stabilization can reduce the mobile and 
bioavailable TE fractions in soil (Fig. 1), avoid their 
migration into the ground water, limit the uptake of 
trace elements by plants and thus reduce their toxicity 
to plants (23 Vangronsveld et al 2000, 24 Ruttens et 
3.1. Soil Burning 
3.2. Landfill of 
contaminated soils. 
3.3. Thermal treatment 
3.4. Electromigration
3.5. Soil Washing 
3.6. Vitrification
3.7. Deep ploughing
3.8. Dilution by mixing of 
contaminated soil with
clean soil)
1. Gentle (Soft) 
In-Situ Remediation Techniques 
1.1. Stabilisation
(Immobilisation)
1.2. Trace element
removal
1.2.1. controlled and 
focused mobilisation  
through natural and 
synthetic acids and 
complexing agent 
1.2.2. Uptake of mobile 
trace element durch
Pflanzen oder natürliche und 
synthetische Adsorbents
(Accumulatoren)
1.2.3. Harvest of trace 
element loaded plants
2.1. Nutzungsverbot und -
beschränkung
2.2. Landuse change 
2.3. Sealing
2. Harsh
(Restrictive
Land use) 
(in situ)
3. Harsh
(Soil destrcutive 
techniques)
(ex-
oder in situ)
Figure 1
1.1.1.
Incre
ase pH  (Lime 
amendments)
1.1.2. Trace
element binding
amendments e.g. Clay 
minerals, Oxides, 
Zeolite, Process Waste
materials such as 
gravel sludge (free 
from trace element
impurities)
1.1.3.Phytoremediatio
n
1.1.4 Micro-orga-
nismen
Fig.1 Different categories of remediation techniques for soils polluted by trace elements (Gupta et al 1999)
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al. 2006). In situ stabilization increases the sorption 
capacity of the soil matrix by addition of agents 
such as clay minerals, Fe-, Mn-, Ti- and Al-o��ides, 
phosphates, OM, etc. or decreases the concentrations 
of dissolved pollutants, by changing soil parameters 
such as pH (e.g. dolomitic limestone, coal fly ashes, 
etc) and Eh. 
2.1.1.1. Liming 
Liming can reduce the mobility of TE such as Cd, Ni 
and Zn (25 McLaughlin et al. 1999, 23 Vangronsveld 
et al 2000, 19Kumpiene et al 2008). Its effect on 
copper solubility and plant uptake is more complicated 
due to the formation of complexes with soluble 
organic substances after liming (26 Bes and Mench 
2008). Although liming has proved to be efficient for 
minimizing risks that TE pollutants pose by entering 
into the food chain, its effects can vary considerably 
depending on TE, soil conditions, plant growth and 
especially root distribution in the soil. Also liming 
provides only a transitory solution to the pollution 
problem. 
The “soluble” TE fraction in soils can be reduced 
by rising pH (e.g. liming, alkaline fertilization) or 
by increasing cation binding capacity (e.g. addition 
of clay minerals or gravel sludge) (27 Krebs et al , 
1998,28 Singh et al. 1995). Liming decreases NH� 
NO
3
-extractable fraction of TE (e.g. Cd) in soils and 
reduces the uptake of Cd, Ni and Zn by wheat and 
carrot crops grown in naturally metal- rich soils (alum 
shale soils) in Norway (28 Singh et al 1995) (Table 
�). E��cessive application of sewage sludge and pig 
manure lead to the accumulation of potentially to��ic 
elements in soil but liming reduced the solubility and 
plant uptake of Cd and Zn (27 Krebs et al. 1998). 
However, the reduction was higher in control plots 
than in sludge treated plots showing the interaction 
between TE with soil pH, organic matter (OM), root 
distribution and rhizospheric interactions. In contrast 
to general decrease in TE concentration after liming, 
some studies reported increased Cd concentration in 
crops (29 Maier et al.1997, 30 Singh and Myhr, 1998). 
The Ca2+ added through lime may desorb surface 
bound Cd2+ into soil solution, rendering it available 
to plants. Calcium is inhibiting Cd2+ sorption to soil 
surface, but the mechanism can only have a significant 
effect if the pH induced increase in sorption of Cd2+ 
with liming is less than the Ca-induced desorption of 
Cd2+ (31 Boekhold et al. 1993). 
2.1.1.2 Trace element binding materials
 
Binding agents to increase sorption capacity in soil 
matri�� include the application of chelate, ion e��change 
resins or natural materials such as organic substances 
or clay minerals (32 Mench et al. 1994b). Out of 
20 different additives tested in batch and column 
experiments, zeolite combined with ferrous sulfate 
was effective in immobilizing Cd in different soils (33 
Czupyrna et al. 1989). Alkaline fly ashes reduce the 
metal availability and decrease TE uptake by maize 
(34 Shende et al. 1994). Another coal fly ash called 
beringite, which is a modified alumino-silicate from 
the fluidized- bed burning of coal mining in Belgium 
has been tested (35 Vangronsveld et al. 1995, 36 
Ruttens et al 2006). In field experiments, the beringite 
addition to a soil polluted with 6000 mg Zn, 30 mg 
Cd and 500 mg Cu kg-�) enabled the re-establishment 
of plant growth and protected the polluted area 
from erosion. The 5% addition of beringite to a Zn-
contaminated soil reduce foliar Zn concentration in 
bean (Phaseolus vulgaris L.) from 350 mg kg-� in the 
untreated soils to �� mg kg-� in the beringite-treated 
Table 1 Trace element concentration (mg kg-�) wheat 
grain after liming to different pH levels in a naturally 
metal rich moraine soil
Soil pH Cd Ni. Zn Cu
5.5 1.34 1.39 47.8 4.6
6.5 0.55 0.83 41.9 3.2
7.0 0.55 0.76 31.6 4.0
7.5 0.52 0.84 27.3 4.3
LSD 0.05 0.31 0.36 12.4 2.2
Extracted from Singh et al.(1995).
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soil (37 Mench et al 1998). Similar beneficial effect 
of beringite (2.5 and 5 % addition) are obtained with 
plant growth and Cu uptake by bean and maize (Zea 
mays L.) grown in a Cu-contaminated soil (250 mg 
kg-�) from coffee orchards in Tanzania (38 Loland and 
Singh, 2004). Increased pH and Cu sorption by the 
soil are the suggested mechanisms.
The potential of montmorillonite, Al-montmorillonite 
and gravel sludge for the immobilization of in 
agricultural soils was investigated (39 Krebs 
et al., .1999). In batch experiments, both Al-
montmorillonite and montmorillonite are effective 
in immobilizing Zn and Cd. Zinc is specifically 
bound on Al-montmorillonite and in the time 
course it becomes increasingly incorporated into 
the Al hydroxide coatings. No specific Zn sorption 
occurs on montmorillonite. Cadmium is bound 
on montmorillonite and Al-montmorillonite non-
specifically by cation exchange processes 
 In a pot experiment, zeolites reduce TE uptake, but 
the reduction was partially caused by a pH increase 
as side effect of zeolite (40 Rebedea and Lepp, 1994). 
Regarding TE leaching, TE concentration in effluent 
was 50% lower in zeolites-treated column than in the 
CaCO
3
–treated soils. Some adverse or subsequent 
effects such as the immobilization of nutrients (P, Mn) 
may occur (41 Mench el al 2003). Effect on foliar Ca, 
Mg, K and P concentrations of bean is reported in 
stabilized Cu-contaminated soil (26 Bes and Mench 
2008). The remobilization by soil acidification have 
not yet been investigated and similar to remediation 
with liming, the long-term behavior of immobilized 
metals in different soils is generally unknown and 
the database of long-term field studies is weak (42 
McGrath et al., 1995). 
2.1.1.3 Trace Element Reaction with Iron and 
Manganese Oxides
Sorption is an important chemical process that regulates 
partitioning of trace elements between solution and 
solid phases in soils. Iron, and manganese o��ide soil 
minerals are important sinks for trace elements in soil 
(43 McBride, 1994; 44 Cundy et al 2008) and residual-
amended soils (45 Lombi et al., 2002; 46 Scheckel       
and Ryan, 2004). Hydrous ferric oxide decreases the     
extractable Cd in the soil but reduced uptake by plants 
could not be measured (47 Mench et al. 1994a). Root 
e��udates may dissolve the hydrous ferric o��ide and 
as a result the element became available. Other iron 
bearing products, e.g. Fe-rich adsorbent (48 Berti 
and Cunningham,�997; �9 Chlopecka and Adriano 
�99), zerovalent iron grit (�9 Kumpiene et al 200; 
20 Hartley and Lepp 2008, 22 Ascher et al 2009) have 
been studied. The combination of zerovalent iron 
grit and beringite results is very efficient to stabilize 
metals and As (41 Mench et al 2003, 36 Ruttens et al 
2006b, 50 Mench et al 2006c, 22 Ascher et al 2009). 
Manganese oxides are important adsorbent and one 
most reactive form is synthetic birnessite (sometimes 
called �-MnO2) (51 McKenzie 1981). In a study on 
the immobilizing capacity of birnessite, it was found 
that birnessite exhibited the best potential in reducing 
the uptake of Cd and Pb by plants as compared with 
other additives (hydrous ferric oxide, basic slag, 
beringite, and lime) (32). However, under reducing 
conditions the Mn o��ides may reduce to Mn2+, which 
can be toxic for organisms.
2. 1.1.4 Phytoremediation 
Decontamination techniques include the use of 
hyperaccumulator or high biomass crops that 
accumulate high TE amounts in shoots and thus can 
remove TE from contaminated soils (52 Mench et 
al 2009). Plants represent a more environmentally 
compatible and less expensive method of site 
restoration, through extraction, degradation or fixation 
of the pollutants, compared to physico-chemical and 
engineering options, even though the time scale 
required reaching the fixed end-points is a limiting 
factor. 
To overcome the limitations of phytoe��traction 
techniques several options are taken. Efforts are 
made to increase growth of hyperaccumulators by 
crossbreeding them with related plants that produce 
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more biomass (53 Cunningham and Ow, 1996) or 
using molecular mechanisms and genes leading to 
hyperaccumulation in tolerant species (54Verbruggen 
et al 2009) .Additionally, attempts are made to improve 
metal uptake capabilities of high biomass plants by 
somaclonal variation or chemical mutagenesis and 
selection techniques (55 Nehnevajova et al 2009). 
Furthermore, phytoe��traction plants such as Sali�� 
can decrease the metal concentration in soils. For 
example, in a field study in Sweden, growing Salix 
prior to wheat crop, decreased the Cd concentration 
significantly in soils as well as in wheat grain (56).
A different option is to increase the metal 
phytoavailability in soil. Soil factors primarily 
controlling metal phytoavailability in soils are 
pH, cation exchange capacity (CEC) and organic 
matter content (57 Sauerbeck, 1989). For increasing 
phytoavailability two major ways are investigated: 
artificial soil acidification and solubilization by 
addition of ligands, in particular chelators. Citric acid 
and hydrochloric acid display both effects, forming 
complexes and decreasing soil pH. For both substances, 
an enhancement of element uptake by plants has been 
reported (58 Smolders and McLaughlin, 1996; 59 
Ebbs et al., 1998).
Once mobilized in the rhizosphere, mineral elements 
and contaminants need to be taken up into the root. 
For e��ample, the Zn hyperaccumulator Thlaspi 
caerulescens over-e��presses a ZIP family root 
plasma membrane transporter. In the closely related 
non-accumulator species, T. arvense, high e��ternal 
concentration suppresses e��pression of this Zn 
transporter, indicating that metal regulation of gene 
e��pression is altered in the hyperaccumulator. The 
actual hypothesis is that key genes necessary to cope 
with and to translocate potentially to��ic TE are up-
regulated in the hyperaccumulators. However, those 
genes also exist in sensitive species but are not 
expressed in the appropriate tissues or at a sufficient 
level. 
2.1.2. Solubilization of trace element by ligands to 
enhance plant uptake
 
The formation of soluble metal complexes may not 
necessarily lead to enhanced metal phytoavailability. 
While some authors report that the use of chelators 
such as EDTA (ethylenediaminetetraacetate) increased 
metal uptake by plants (60 Blaylock et al., 1997), 
others did not observe an enhancement (61 Athalye 
et al., 1995) but rather a reduction of metal uptake 
by plants. Furthermore, the addition of chelators may 
have undesired side-effects such as increasing the 
metal to��icity, as well as the risk of metal leaching to 
deeper soil layers or to groundwater. 
The influence of natural organic agents, citric, 
o��alic, phtalic and salicylic acid and three synthetic 
organic agents, EDTA, NTA (nitrilotriacetate), and 
DTPA (diethylenetriaminepentaacetate) on metal 
solubilization in soils was studied in batch experiments 
( 62 Wenger et al 2003). Experiments were performed 
with soils from two metal-contaminated agricultural 
sites of northern Switzerland contaminated with 
Zn, Cu, Cd, while one was also polluted by Pb. 
The chelator efficiency was far better than that 
of the natural organic agents. Despite substantial 
differences in stability constants, there were not much 
significant differences among NTA, EDTA and DTPA 
in e��tracting metals from the two soils. Considering 
the high degree of biodegradability of NTA in soils, it 
was chosen as substance to be used in phytoextraction 
e��periments.
Pot and field experiments were conducted to 
investigate the effectiveness of NTA (chelator) and 
elemental sulphur (agent to lower soil pH) on metal 
solubilization and uptake by N. tabacum and Z. mays 
(63 Kayser et al.,2000). Potential harmful side effects 
such as metal leaching to deeper soil layers were also 
studied. The addition of elemental sulphur (�00 mmol 
S kg-�) increased dissolved Zn and Cd concentrations 
about 10 fold in the calcareous soil and up to 30 fold 
in the acidic soil by decreasing soil pH about 1 to 1.5 
units. No effect on soil pH was observed in the NTA 
treatments. NTA application (0.5 mmol NTA kg-� in 
the calcareous soil; 0.25 mmol NTA kg-� in the acidic 
soil) increased soluble Zn, Cd and Cu about 100, 19 
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and 20 fold in the calcareous soil and 13, 2 and 4 fold 
in the acidic soil. Dissolved Pb was increased by NTA 
up to 50 fold in the acidic soil. Solubilizing effects 
remained only for 7 days and then decreased rapidly 
within 20 days to almost initial values. 
To enhance TE uptake by the use of chelators the 
following steps are necessary: TE must be (1) dissolved 
from the solid, (2) transported to the plant roots, (3) 
absorbed by the roots and (4) translocated within the 
plants to the above ground parts. The solubilization 
process must be carried out with caution in order to 
avoid loss of TE by leaching to the groundwater but 
at the same time provide an optimum concentration 
of soluble TE in the root zone, available for removal 
by plants. This concentration must maximize plant 
uptake, but does not induce growth reduction. For 
maintaining such optimum concentration during the 
vegetative period, it might be necessary to add the 
amendment several times at a low dose (Fig. 2). The 
optimum time span between two treatments depends 
on the degradation rate of the applied ligand. In order 
to minimize leaching, the chelator application should 
be restricted to the root zone.
In general, the metal solubilization treatments increase 
NaNO
3
-extractable Zn, Cd, Cu and Pb concentrations 
in soils. However, this increase did not translate into an 
equivalent one in metal uptake by plants, although in 
nutrient solution e��periments a much higher increase 
in Cu uptake and translocation into shoots could be 
observed. The lower efficiency in the soil is attributed 
Fig.2 Immobilisation and mobilisation of trace elements in soils  (Krebs et al 1999)
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to the short duration of solubilizing effects. 
2.1.3 Fertilizer management and trace element 
interactions 
Fertilizers and especially phosphates contain TE 
impurities and can result in e��cessive TE in soils. Many 
e��amples of TE accumulation in soils and especially 
of Cd in long term fertilized soils are worldly reported 
(64 Mortvedt, 1987, 65 Jones and Johnston 1989; 66 
Jeng and Singh, 1995; 67 Grant et al, 1999). However, 
the increased total soil Cd is not always reflected in 
increased Cd concentration in food crops because 
fertilizers can affect TE root uptake by changing soil 
pH and ionic strength in the soil solution and plant 
growth parameters, e.g. root distribution, rhizosphere 
conditions, and shoot yield. The type and amount of 
fertilizer used and the interactions between TE and 
major nutrients (nitrogen, phosphorus and sulphur) 
and among TE themselves (e.g. Zn and Cd) play an 
important role in the TE uptake in crops (68Tiller et 
al. �997).
2.1.3.1 Interaction with major nutrients
Change in TE in food crops in relation to N 
fertilization is difficult to evaluate because N supply 
affects crop yield as well as the soil reaction. Grain 
Cd in wheat increases with increasing N fertilization 
rate, except for urea (69Oliver et al. 1993). The N 
and Cd concentrations positively correlate in wheat 
grain in Sweden (70 Jonsson and Eriksson, 2003; 
7� Wångstrand et al., 2007). Each �0 kg N ha-� 
additional application increase grain Cd by 1-3 µg kg-
� (7� Wångstrand et al. 2007). The relative increase in 
Cd concentration as a function of N rate varies from 
6 to14% across sites and cultivars when the N rate 
increases from 145 to 175 kg N ha-�. The increased 
concentration of Ca2+ due to Ca nitrate application 
may ion e��change Cd into the soil solution and rise 
wheat grain Cd. 
Phosphate fertilization and Cd in soils often positively 
correlate (72 He and Singh, 1994; 73 Loganathan and 
Hedley, 1997, 68 Tiller et al. 1997: 74 Gray et al. 1999). 
Total P and Cd are linearly related in pasture soils 
receiving long term input of superphosphate (74 Gray 
et al. �999). In Norway, long term use of P fertilizer 
increases total soil Cd concentration but this does not 
necessarily enhance the Cd uptake by plants (75 Bærug 
and Singh, 1991; 76 He and Singh,1993). Different 
P sources may affect Cd uptake differently. The Cd 
uptake by rape and oats in greenhouse experiment 
is higher with single superposphate than with NPK 
(77 Singh, �990). The single superphosphate contains 
12% S and acidification due to its apllication could 
have enhanced the solubility and availability of Cd. 
However, the P source has only a little effect on the 
Cd concentration in potato tubers (78 McLaughlin et 
al. 1995).
Potassium application may increase Cd uptake 
by food crop but it may be associated more to the 
accompanying anion of the salt. The application of 
KCl increases grain Cd in barley (79 Grant et al, 
1996). This uptake may be associated to increased 
soil solution concentration of Cd via formation of Cd 
Cl n 2-n ion pairs (80 McLaughlin et al. 1997).
2.1.3.2 Interaction with micronutrients
The Zn and Cd interaction is widely studied because 
these metals behave chemically similar and coexist in 
contamination sources. The effect of Zn fertilization 
would depend on the Zn status of soils and plants 
and significant effects are found in Zn deficient 
soils (81 Oliver, 1994). On a Zn deficient soil, Zn 
application up to �00kg ha-� reduces the Cd uptake by 
potato tubers by 20% (68 Tiller et al. 1997). Also Cu 
competes with Cd for plant uptake (82 McLaughlin 
et al. 1998). Changes in seed Zn concentration, 
whether caused by Zn status in soil, P fertilization 
or application of Zn fertilizer, result in decreased 
Cd concentration (83 Grant and Bailey 1997a). A 20 
mg Zn kg-� soil application with P decreases seed / 
grain Cd by 42% for flax and 65% for durum wheat 
and Cd translocation to the seed/ grain by 20% for 
flax and 34% for durum wheat ( 84 Jiao et al. 2004). 
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An antagonistic effect of Zn on Cd root uptake and 
translocation to seed/ grain in both crops is assumed 
in growth chamber studies. Increasing Cd application 
to Zn-deficient plants tends to decrease plant Zn 
concentrations, whereas in plants with adequate Zn 
supply, Zn concentrations are either not affected or 
increased by Cd (85 Köleli et al. 2004). Durum wheat 
is more sensitive to Zn deficiency and Cd toxicity than 
bread wheat. Authors hypothesized that Zn protects 
plant from Cd toxicity by improving plant defense 
against oxidative stress and by competing with Cd for 
binding to critical cell constituents. Cd decreases by 
11 to 90 % in wheat when Zn is applied at 15 mg kg-
1 soil (86 Khoshgoftar et al. 2004). Biofortification 
of cereal grain Zn would be an issue (13 Cakmak, 
2008). Evidences for other interactions notably for 
Si are emerging. In maize seedlings, Si alleviates 
Cd to��icity as revealed at some antio��idant enzyme 
activities (87 Lux et al., 2006), most prominent effect 
being in the roots. Silicon induces Cd resistance in 
rice (88 Nwugo and Huerta 2008) and affects wheat 
grain Cd (89 Greger and Landberg 2008c). 
 2.1.3.3. Salinity and chloride and sulphate ions
Chloride forms comple��es with TE and especially with 
Cd and hence Cl supply either through fertilizers (e.g. 
KCl) or in irrigation water can increase Cd uptake by 
crops (90 McLaughlin et al. 1994; 58 Smolders and 
McLaughlin,�99: 9� Weggler-Beaton et al. 2000). 
In Australia 70 % of variation in Cd concentration in 
potato tubers across 80 sites was caused by salinity and 
Cl supply through irrigation water (90 McLaughlin 
et al. �99�). Similarly, increasing salinity increases 
the concentration of Cd species, i.e. Cd 2+, CdCl+, 
CdHCO3+ and CdCl0 in soil solution, while salinity 
decreases total and free Zn2+ concentration in soil 
solution and its concentration in wheat shoots (86 
Khoshgoftar et al. 200�). The uptake of CdSO� ion 
pair by Swiss chard is equally efficient to uptake of 
the free Cd2+ from nutrient solution, however little or 
no increase in Cd uptake is observed when SO�
2- is 
applied to soils (92 McLaughlin et al. 1998b). 
2.1.4. Tillage systems and crop rotation 
Limited information on the effect of tillage practices, 
i.e. conventional vs. reduced or no till, on TE 
concentration in food crops make it difficult to 
draw any definite conclusions. Wheat grain grown 
under direct drilling contains higher Cd compared to 
reduce till or conventional cultivation (9 Oliver et 
al. 1993; 68 Tiller et al. 1997). But EDTA extractable 
Cd in soils is not affected by tillage practices. Tillage 
practice with no till system however may create the 
stratification of TE, i.e. Cu, Fe, Mn, and Zn because 
of crop residue and OM accumulation on the surface 
(93 Edwards et al. 1992). Deep tillage could be an 
effective technique in conditions where surface soil 
is enriched with TE because it may lead to dilution 
of elements by blending of surface and sub-surface 
soils. 
Rhizosphere effects of plants in crop rotation may 
affect the TE availability to the following crops. 
Lupines are known to release citric acid leading to 
soil acidification and consequently increased lability 
of elements in the soil. Grain Cd in wheat is higher 
after a lupine culture (69 Oliver et al. 1993). The 
increase in Cd concentration may be partially, but 
not solely, attributed to acidification by legumes and 
the subsequent Cd mobilization for uptake by the 
subsequent crop. 
 
2.2 Plant specific approaches 
2.2.1. Selection and breeding of plants with low 
uptake potential 
Since crop species and cultivars differ in their genetic 
tendency to take up TE, selection and breeding of 
crops for their low uptake potential open up new 
avenues to minimize harmful elements in food chain. 
Large genetic differences occur among 200 sunflower 
genotypes for kernel Cd concentration (9� Li et al. 
1993). The average Cd concentration of the five 
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lowest genotypes is four fold lower than that of the five 
highest ones. Similarly �9 rice cultivars grow under 
simulated upland conditions on Cd contaminated soils 
differ in Cd concentration (95 Arao and Ae 2003). The 
differences in rice grain Cd among cultivars are much 
higher than in roots and stems (9 Liu et al. 2007a). 
Wheat variety trials across Australia showed genetic 
differences among cultivars in grain Cd (97 Oliver et 
al. 1995). Low Cd cultivars tended to have similar 
pedigrees, indicating the potential for selecting lines 
for low Cd concentration. Differences among plant 
cultivars in secretion of low molecular weight organic 
acids may influence root uptake of Cd (98 Liu et al. 
2007b). Root Cd uptake may restrict translocation to 
stem, leaves, fruits and grains (99 Harris and Taylor, 
200�; �00 Arao and Ishikawa 200). Low Cd rice 
cultivars retain more Cd in roots and translocate 
less to grain than high Cd cultivars (�0� Ishikawa 
et al. 2005a). Differences in Cd concentration in 
durum wheat cultivars are attributed to differences in 
translocation from the root to the shoot and within the 
shoot, rather than to differences in root uptake (�02 
Greger and Löfstedt, 2003). High cation exchange 
capacity of roots can cause high grain Cd in wheat (� 
Greger and Landberg 2008a).
In spite of genetic variations in Cd uptake by cultivars, 
limited efforts were made to use selection or breeding 
to reduce Cd in crops in the past. Greater emphasis is 
now placed in finding low Cd cultivars of grain crops 
including wheat (3Mench et al. 2006), durum wheat 
(103Clarke, 2002, 104 2005; 15Grant et al 2008), 
rice (101 Ishikawa et al.2005; 100Arao and Ishikawa 
2006), and soybean (101 Ishikawa et al. 2005). Other 
researches are made on rapeseed (105 Grispen et al 
200) and lettuce (�0 Zorrig et al 2009). Cadmium 
uptake by maize in the mature stage had a significant 
genetic variation: Jitian6 > Jidan209 >Chunyou30 
for root, stem and leaf, and Jidan209 > Jitian > 
Chunyou30 for grain, respectively (107 Zhang et 
al.2008).
The crossing program was developed near –isogenic 
high /low gain Cd concentration from five durum 
Genotype# Casselton Regina Swift current Stewart valley
8982-SF-L 0.09 0.11 0.95 .0.05
8982-SF-H 0.21 0.33 0.11 0.15
8982-TL-L 0.10 0.11 0.04 0.08
8982-TL-H 0.28 0.34 0.11 0.18
W9260-BC-L 0.14 0.19 0.10 0.03
W9260-BC-H 0.30 0.32 0.14 0.07
W9261-BG-L 0.10 0.14 0.05 0.13
W9261-BG-H 0.27 0.27 0.10 0.23
W9262-339A-L 0.08 0.10 0.03 0.20
W9262-339A-H 0.23 0.30 0.11 0.07
Contrast H vs L§ ** ** ** **
# Isogenic lines designations  ending “L” indicate low-Cd accumulator and “H”
indicates high accumulator. § Significance  of high vs. low isolines (P<0.01)
Table 2 Grain Cd concentration in durum isogentic pairs and parent grown in varying environments (Modified 
from Grant et al. 2008)
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wheat crosses by 108 Clarke et al. (1997a.) Each 
high/low pair was genetically uniform e��cept the Cd 
concentration trait. The average grain Cd concentration 
was about 2.5 times greater for the high than for the 
low isolines (Table 2) (103 Clarke et al. 2002). The 
low –Cd uptake trait had no effect on yield, protein 
content and kernel yield. The low –Cd uptake trait 
had no consistent effect on grain concentration of 
other TE but some indication that low –Cd trait may 
also be associated with low Zn accumulation under 
Zn deficient condition in solution culture experiment 
(109 Hart et al. 2005). But in field, low Zn and Cu 
supply results in higher wheat grain Cd (��0 Mench 
et al �997).
 Even though cultivar selection can efficiently reduce 
Cd concentration in food crops (phytoe��clusion), 
there are many constraints in utilizing this option. 
It is a time consuming process and low Cd traits of 
a cultivar must meet the requirement of acceptable 
yield level, agronomic suitability, quality and disease 
resistance ( 15 Grant et al. 2008). In wheat, grain 
Zn across cultivars ranges by a factor 1.6 which is 
lower than for grain Cd (factor 2-� depending on 
year) (111 Mench et al 2008). Furthermore, both low- 
and high-Cd cultivars will be influenced by soil type, 
management practice, and yearly climatic conditions 
(67 Grant et al.1999; 3 Mench et al 2006). Therefore 
combining management practices and use of low–Cd 
cultivars would be more effective in reducing Cd 
movement into the food chain (15 Grant et al. 2008).
2.2.2. Current understanding at the molecular level 
- how to minimize metal uptake and transport to 
edible food parts. (Special focus on cadmium)
In plants, even at low concentrations, Cd accumulation 
can cause serious damages, like leaf chlorosis and 
necrosis, and can affect growth and development. 
Other Cd effects occur in plants such as breakdown 
of the photosynthesis apparatus, reduced respiration, 
indirect production of reactive o��ygen species, DNA 
interaction, replacement of Zn and Fe as prothetic groups 
and interaction with thiols. To limit Cd to��icity, plants 
have developed different strategies like e��clusion, 
formation of comple��es, compartmentalization and 
sequestration (��2 Clemens et al. 2002).
Different strategies for limiting potentially 
toxic TE uptake in the edible plant parts of can be 
envisaged at various levels: i) restriction of TE 
movement to roots by mycorrhizas, binding metals to 
the cell wall and root exudates; ii) reduction of influx 
across the root plasma membrane or active efflux into 
the apoplaste and finally to the soil, iii) increased TE 
chelation in the cytosol by various ligands, activate 
TE transport and accumulation in vacuoles to fix TE 
in non-edible plant parts, modulation of long-distance 
TE transport in order either to reduce the TE transport 
to edible parts or increase the flux back to non edible 
plant parts (Fig 3).
Cadmium transport
The role of IRT1
Epidermal cells constitute the main barrier between 
the soil and the plant. Transporters that are not 
specific enough to recognize only one of the required 
micronutrients but recognize and transport also non 
essential TE probably play a central role in plant 
survival as well as for human diets. The Cd uptake 
is mediated by transporters or channels for other 
divalent cations ( 113 Clemens 2006). Particularly  
several of the Zn and Fe transporting ZIP (ZRT, IRT-
like Protein) gene products transport Cd with a wide 
range of affinities (114 Ramesh et al. 2003). ZIP 
proteins are predicted to contain eight transmembrane 
α-helices and a histidine-rich variable cytoplasmatic      
region between transmembrane domains 3 and 4 
(115Guerinot 2000). One of the first members identified 
in this family is IRT� (iron-regulated transporter), an 
Arabidopsis cation transporter expressed in the roots 
of iron deficient plants (116 Eide et al. 1996). AtIRT1 
is essential for Fe acquisition from the soil in nongrass 
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Fig. 3 Schematic representation of Cd uptake and translocation in plant roots
Cd2+ is taken up into the plant by ZIP transporters (IRT1, ZIP1-4, ZNT1, 2 are good candidates) and possibly by Ca2+ channels. In the 
cytosol, the main part of Cd is chelated with GSH to form bisglutathionato-Cd complexes (GS2-Cd) and other unknown molecules 
(?-Cd). GS2-Cd can interact with PC synthase resulting in the formation of PC-Cd (LMW) comple��es. Chelation and/or sequestration 
processes by ferritins, metallothioneins and small molecules such citrate are postulated in plants, but they are not mentioned here. 
Also, presence of free Cd ions is supposed to be very limited due to the physiological conditions in the cytosol. Furthermore, Cd2+ 
may also interact with Ca2+ binding proteins. For detoxification, Cd2+ or Cd-conjugates could be remobilized from the cytoplasm into 
the apoplast by ABC transporters (PDR8) or sequestered into the vacuole. For the latter, two different pathways are postulated, GS2-
Cd and/or LMW complexes are hypothesized to be transported into the vacuole by ABC transporters not characterized yet, or Cd2+ 
could be sequestered into the vacuole by Cd2+/H+ antiporters (AtCAX2 and AtCAX4 exhibit the highest Cd (II) transport activity). 
At least a part of vacuolar Cd is bound in HMW and in yet unidentified complexes (?-Cd). However, a fraction of vacuolar Cd can 
be remobilized into the cytosol by Nramp transporters which are upregulated under Fe starvation (Nramp1, 3, 4). The efficiency 
of the sequestration and exclusion processes determines the amount of Cd that will be transferred to the aerial parts of the plant. 
Loading of the xylem with Cd occurs by HMA-type plasma membrane efflux pumps (HMA2, 4)  and an efflux of PC-Cd complexes 
from the cytosol to the xylem sap is mediated by an unknown transporter which has been postulated. In the xylem Cd is bound to so 
far unknown ligands (?-Cd). Similar mechanisms are occurring in aerial parts of the plant where some of the transporters described 
above or their homologues have similar functions. Phloem-loading and and unloading of Cd(II) is postulated but is only poorly 
described.
plants such as A. thaliana but also in rice, which as 
a strategy II plant takes up iron both as Fe2+ as well 
as Fe-phytosiderophore (117 Vert et al. 2002;118    
Henriques et al. 2002;119 Bughio et al. 2002; 120 
Ishimaru et al. 2006). IRT1 is able to transport several      
divalent metal ions, including Cd, Co, Mn, and Zn 
(121 Korshunova et al. 1999). Under Fe-deficient 
conditions, strategy I plants acidify the soil through 
the activation of a specific plasma membrane H+-
ATPase localized in root epidermal cells, potentially 
encoded by the AHA2 gene in Arabidopsis (�22 Fo�� 
and Guerinot 1998). Consequently, iron solubility 
increases, and Fe3+ is reduced by a specific reductase 
in order to be converted into the transportable Fe2+ 
form. Fe3+-chelate reductase activity is probably the 
best studied among the different plasma membrane 
reductases (123 Moog et al. 1995). FRO2 is the 
enzyme responsible for the plasma membrane Fe(III) 
chelate reductase activity that is induced under Fe 
deficiency in the Arabidopsis roots (124Robinson et 
al. 1999). In Arabidopsis, FRO2 is regulated both 
transcriptionally and post-transcriptionally.
Plants grown under iron-deficiency accumulate a 
variety of cations, including Cd (125 Cohen et al. 
1998). This is directly linked to the incomplete IRT1 
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selectivity. Under iron deficiency the ratio of Fe2+ to 
Cd2+ is changed in favor of Cd2+ and consequently 
proportionally more Cd2+ is taken up. Arabidopsis 
thaliana overe��pressing AtIRT1 under the control of 
the 35S promoter accumulates larger amounts of Cd 
than wild-type plants rendering then hypersensitive, 
which evidences the role of IRT� in Cd uptake (�2 
Connolly et al. 2002). Heterologous expression of IRT1 
in S. cerevisiae previously indicates its contribution 
to the Cd2+uptake (Korshunova et al. �999). IRT1 and 
FRO2 expression is repressed by Cd (126 Connolly et 
al. 2002). In contrast to iron, Cd(II) cannot change the 
redox state, thus it is unlikely that FRO2 exhibits a 
function in the Cd uptake. A hypothesis is that FRO2 
and IRT1 form a complex that is only stable when both 
proteins are present in the membrane (127 Connolly 
et al. 2003).
Other ZIP family members may contribute to Cd 
uptake, although to a lower degree. Heterologous 
expression of AtZIP1,AtZIP2, AtZIP3 and TcZNT1 
in S. cerevisiae shows that Zn2+ uptake activity is 
partially blocked by Cd2+ (128 Grotz et al. 1998). In 
yeast these transporters mediate high-affinity Zn2+ 
uptake and low-affinity Cd2+ uptake (�29Pence et al. 
2000) respectively, suggesting the contribution of 
other ZIP transporters to Cd2+ uptake.
Iron is an essential micronutrient with a limited labile 
pool in many soils. Therefore, many studies have been 
carried out to understand the transport mechanisms 
and the regulation of IRT1 (130Briat et al. 2007; 131 
Briat and Gaymard 2007). Detailed studies of the ZIP 
proteins e��pressing different mutated forms in yeast 
demonstrate that some of the residues are important 
for substrate recognition and transport activity (132 
Rogers et al. 2000). For e��ample the strain mutated 
expressing IRT1 in both, the D100A and E103A is 
less sensitive to Cd than either single mutant and 
transports Zn but not Fe or Mn. 133 Plaza et al. 
(2007) e��pressed two AtIRT� homologues from two 
different ecotypes of the hyperaccumulator Thlaspi 
caerulescens and showed that the two gene products 
conferred different Cd sensitivity to yeast. Detailed 
knowledge about IRT1 would allow to develop or 
select plants that take up more specifically Fe, exclude 
non essential metals and have normal or increased 
contents of essential minerals in the edible parts. 
In contrast ferritin overe��pression can enhance Cd 
uptake (134 Sappin-Didier et al 2005)
ABC transporters involved in heavy metal 
tolerance.
ABC transporters is one of the largest families of 
proteins in living organisms ranging from bacteria to 
humans (135Higgins 1992). ABC proteins are defined 
by the presence of an ATP binding cassette, also known 
as the nucleotide-binding domain (NBD), which 
contains several highly conserved motifs, including 
the Walker A and B sequences, the ABC signature 
motif, the H loop and the Q loop. In addition to 
NBDs, ABC transporters also contain transmembrane 
domains (TMDs) (136Hyde et al. 1990; 137Sanchez-
Fernandez et al. 2001). The majority of ABC genes 
encode membrane-bound proteins that participate 
in the transport of a wide range of molecules across 
membranes (138 Linton and Higgins 1998; 139      
Martinoia et al. 2002; ��0 Rea 2007; ��� Jungwirth 
and Kuchler 200).
Various types of ABC transporters are involved in TE 
resistance and particularly in Cd resistance processes. 
Two yeast ATP-binding cassette (ABC) transporters 
sequester metals into vacuoles. ScYCF1 is an ABC 
transporter of S. cerevisiae that contributes to Cd 
resistance by pumping glutathione-conjugated Cd into 
the vacuole (142 Li et al. 1997). In contrast, SpHMT1, 
a half-size ABC transporter of Schizosaccharomyces 
pombe, is a vacuolar phytochelatin–Cd comple��e 
transporter (143 Ortiz et al. 1995). Compared to wild-
type plants, YCF1 overexpressing plants of A. thaliana 
exhibit increased Cd and Pb levels in shoots (144 Song 
et al. 2003). Additionally, vacuoles from transgenic 
plants exhibit a higher bis-glutathionato-Cd transport 
activity. The plant ABC transporters, AtMRP3 (145 
Bovet et al. 2003) and AtATM3 (146 Kim et al. 2006) 
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have been suggested to transport Cd2+. AtMRP3 
partially restores Cd resistance when e��pressed in 
the ycf1 mutant (147 Tommasini et al. 1998), and the 
mitochondrial ABC transporter AtATM3 confers Cd 
and Pb resistance when overexpressed in Arabidopsis 
(�� Kim et al. 200) and is also implicated in Fe 
homeostasis (148 Chen et al. 2007). 149 Gaillard et        
al. (2008) suggests that   AtMRP6 is part of a cluster of 
ABC transporters involved in metal tolerance.
The pleiotropic drug resistance (PDR) subfamily 
(150Crouzet et al. 2006) encodes full-size ABC 
proteins with a typical PDR-type reverse (ABC-
TMS)2 configuration. All yeast and plant PDR 
proteins that have been localised so far reside in the 
plasma membrane and are regulated by various stimuli 
(151 Smart and Fleming 1996). Several members of 
this genes family are also regulated by essential or 
non-essential metals. NtPDR3 is an iron-deficiency 
inducible ABC transporter in Nicotiana tabacum 
(152 Ducos et al. 2005), The expression of OsPDR9 
is markedly induced by Zn and Cd in rice (153 Moons 
2003) and AtPDR12 contributes to Pb resistance in A. 
thaliana (154 Lee et al. 2005). Based on membrane 
localization and mutant analysis, Pb resistance is related 
to AtPDR�2. Overe��pression of this gene reduces the 
Pb content, suggesting that AtPDR12 functions as a 
Pb(II) or Pb(II)-chelate extrusion at the root level. 
Particularly interesting is the fate of PDR8. This 
PDR is involved in pathogen resistance (155Kobae 
et al. 2006; 156 Stein et al. 2006) and PDR8 is also 
implicated in Cd2+ and Pb2+ resistance (157 Kim et al. 
2007). AtPDR8-overexpressing plants are resistant 
to Cd2+ and have reduced shoot and root Cd contents 
compared to wild-type, knockout or silencing plants. 
The strong e��pression in the root epidermal cells is 
probably a main reason for the decreased amount of 
Cd in AtPDR8-over-expressing plants. Consequently, 
AtPDR8 may confer Cd2+ resistance by extruding 
Cd2+ or Cd conjugates from the cytosol back to the 
soil. Moreover AtPDR8 decreases Cd content more 
in the shoots than in the roots, which may be due to 
the root-shoot barrier, which allows only a limited 
transfer of Cd2+ to the shoot. A similar observation was 
made when the heavy-metal pumping ATPase ZntA 
was expressed under the control of the 35S promoter, 
which also conferred increased Cd2+ tolerance and 
reduced Cd2+ contents in Arabidopsis plants (158 
Lee et al. 2003), That AtPDR8 extrudes Cd2+ across 
the plasma membrane appears quite unique, since 
so far, no similar observation has been reported for 
any organism. Mechanisms involving AtPDR8 may 
have a practical impact, since they allow either to 
search for plant varieties with constitutively high 
expression of the AtPDR8 homolog or to produce 
AtPDR8-overexpressing plants to reduce Cd contents 
in plants.
Detoxification mechanisms in plants and other 
organisms employ chelating compounds such as 
metallothioneins Cys-rich membrane proteins and 
phytochelatins (159 Clemens et al. 1999; 160 Clemens 
2001; 161 Cobbett and Goldsbrough 2002; 162 Song 
et al. 2004). Various processes besides uptake from 
the soil are involved in the accumulation of potentially 
toxic TE by plants, including chelation and cellular 
compartmentalization. In non-hyperaccumulator  
plants, Cd accumulates primarily in roots and only a 
minor part is transferred to the shoot. This is probably 
explained by Cd binding to the cell wall and the 
translocation of cellular Cd into the vacuole either in 
its free form or as comple��es mainly with thiol rich 
compounds such as phytochelatins (see above). 
Cadmium transport at the vacuolar membrane.
CAX 
The vacuole is supposed to be a main site of Cd2+ 
accumulation, and tonoplast cation/H+ antiporters are 
considered as one of the system for Cd translocation 
from the cytoplasm to the vacuole where it is thought 
to be sequestered (163 Vogelilange and Wagner 1990). 
Even if PC-Cd comple��es (LMW) are transport into 
the vacuole by Hmt1, a half-size ABC transporter 
from S. pombe (164 Ortiz et al. 1992; 143 Ortiz et 
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al. 1995), and phytochelatins are produced also by       
plants, no protein responsible for the same activity 
has been identified so far in plants.
CAX transporters have originally been identified 
as vacuolar Ca2+/H+ antiporters. They contain �� 
predicted α-helices and several conserved histidine     
residues (165Gaxiola et al. 2002). In plants a vacuolar 
Cd2+/H+ antiport activity has been demonstrated (166 
Salt and Wagner 1993) and, at least one of the CAX 
transporters catalyzes the e��change of Cd2+ and other 
cations with protons at the vacuolar membrane (167 
Shigaki and Hirschi 2000). Although, Arabidopsis 
cation e��changer genes catalyze the e��change of 
Ca2+ with protons, they do not appear to encode ion-
specific transporters and modification of a single 
amino acid (His338) by site directed mutagenesis 
increases Cd selectivity of the strong Ca transporter 
sCAX1 (N-terminal truncation of CAX1 resulting in 
constitutive CAX1 activity) (168 Shigaki et al. 2005). 
Comparison of seven CAX genes in N. tabacum cv. 
KY14 indicates that all transport Cd2+, Ca2+, Zn2+ and 
Mn2+ to varying degrees, but that CAX4 and CAX2 
exhibit high Cd2+ transport activity and selectivity in 
root tonoplast vesicles (�9 Korenkov et al. 2007). 
AtCAX2 or AtCAX4 overexpressing tobacco plants 
under the control of different promoters are more Cd 
tolerant and accumulate more Cd in roots compared 
to control plants. In contrast, shoot Cd does not differ 
in seedlings of transgenic and wild-type plants grown 
in hydroponic culture in the presence of 0.02 or 3 μM 
Cd2+. The lower leaves of mature plants e��pressing 
AtCAX2 or AtCAX4, under the control of two different 
root-selective promoters grown in the field (no Cd2+ 
amendment to the soil) accumulate less Cd than 
the respective controls (�70 Korenkov et al. 2009).     
169 Korenkov et al. (2007) suggested that CAX       
antiporters are not negatively impacted by high Cd, 
and that supplementation of tonoplast with AtCAX 
compensates somewhat for reduced tonoplast proton 
pump and proton leak, and thereby results in sufficient 
vacuolar Cd sequestration to provide higher tolerance. 
CAX2 and CAX4 expression affects the root-to-shoot 
Cd distribution and the amount of Cd taken up has 
a great impact on this distribution. These results 
assume that CAX transporters contribute to vacuolar 
Cd sequestration and that this vacuolar mechanism in 
root cell might reduce Cd2+ translocation to the shoot. 
Since substrate specificity of these transporters can be 
easily altered, CAX genes may be a target to increase 
the vacuolar metal sink in the root for decreasing 
shoot Cd contents. 
NRAMP
NRAMP (natural resistance associated macrophage 
protein) proteins are an ubiquitous family of metal 
transporters present in bacteria, fungi, plants and 
animals (171Cellier et al. 1995). The Arabidopsis 
genome contains seven members of the NRAMP 
family. Three NRAMP proteins are implicated in Fe       
transport (172 Alonso et al. 1999; 173 Maser et al.         
2001). Based on their abilities to complement an Fe 
uptake mutant in yeast, AtNRAMP1, AtNRAMP3 
and AtNRAMP� are characterized as iron transporters 
(174 Curie et al. 2000; 175 Thomine et al. 2000). 
These genes confer also Cd uptake activity when 
e��pressed in S. cerevisiae. NRAMP� as well as 
NRAMP3 are localized in the vacuolar membrane 
(176 Lanquar et al. 2005). In contrast, AtNRAMP1 
has a plastid targeting sequence. Overe��pression 
of AtNRAMP� increases the tolerance of plants to 
e��cessive Fe concentrations suggesting a role in Fe 
distribution rather than plastidic iron uptake (Curie 
et al. 2000). As IRT1, AtNRAMP3 transports Cd2+ 
and is upregulated under Fe deficiency (132 Rogers 
et al. 2000) The AtNRAMP3 overexpression down 
regulates the primary Fe uptake system, IRT� and 
FRO2 (175 Thomine et al. 2003). This suggests that 
the overexpression of AtNRAMP3 increases Fe levels 
in the cytosol thereby downregulating Fe deficiency-
induced genes such as FRO2 and IRT�. In A. thaliana 
it results also in Cd2+ hypersensitivity. AtNRAMP3 
and AtNRAMP4 exhibit redundant functions because 
the single mutants do not have obvious growth 
defects. In contrast, the double mutant is sensitive to 
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Fe depletion and the phenotype is correlated with the 
level of Fe depletion. Double mutants are no more 
able to mobilize Fe stores from the vacuole early 
in development. This is a main constraint during 
germination, since the young plantlet depends on 
internal Fe stores. Results support that Cd can be 
remobilized from the vacuole into the cytosol mostly 
via NRAMP transporters. Plants which translocate 
Fe during seed germination will also necessarily 
remobilize stored Cd. A sufficient Fe supply during 
seed production may lower the Cd translocation 
during the vegetative period. Alternatively, a better 
understanding of the substrate recognition by 
NRAMPs may allow to engineer NRAMPs which will 
be more specific for Fe2+, decreasing the translocation 
of vacuolar Cd2+. 
Translocation of cadmium from the root to the 
shoot
The activity of metal-sequestering pathways in root 
cells likely play a key role in determining the rate of 
translocation to the aerial parts of the plant.
HMA4
Long-distance transport of inorganic nutrients 
plays a crucial role in plant development and metal 
distribution. This is the only way to deliver metals 
taken up by the root to the shoot. In the shoot, part of 
the nutrients and metals may be remobilized during 
further growth then during senescence for seeds 
production. The understanding of this process which 
is mediated by different transporters can be useful to 
select or engineer plants which have the capacity to 
accumulate or reduce non-essential metals in different 
tissues.
The Heavy-Metal transporting P1b-ATPase (HMAs) 
proteins are membrane proteins that use ATP to drive 
metal transport across biological membranes against 
their electrochemical gradient (177 Arguello 2003; 
178 Axelsen and Palmgren 1998). In Arabidopsis 
three members of the HMA family, AtHMA2, 3 and 4, 
are classified as Zn2+-ATPase. AtHMA4 was the first 
member of this group to be cloned and characterized 
(179Mills et al. 2003). It confers Cd2+ resistance in 
yeast and rescues the Zn deficiency of the E. coli 
zntA mutant suggesting a role in Zn2+ and Cd2+ 
transport. AtHMA3 confers Cd2+ and Pb2+ tolerance 
to Δycf1 yeast cells, being apparently located in the        
yeast vacuole membrane when fused with green 
fluorescence protein (180 Gravot et al. 2004). Thus, 
AtHMA3 likely participates in the vacuolar storage 
of Cd in plants. Interestingly, plants overe��pressing 
AtHMA3 improves tolerance to Cd, Co, Pb, Zn and 
Cd accumulation increases by about two to three-fold 
in plants overe��pressing AtHMA3 compared to wild-
type plants (181 Morel et al., 2008). While the hma2, 
hma3, hma4 single mutants do not show any obvious 
growth defects when grown in soil, hma2 hma� 
double mutants exhibit a drastic phenotype. These 
plants are chlorotic and fail to set seeds (182Hussain 
et al. 200�). hma2 mutants accumulate e��clusively 
more Zn and Cd than wild-type plants, hma4 mutant 
plants accumulate more Zn and Cd in the roots 
but they accumulate less Zn and Cd in leaves (182 
Verret et al. 2004). This impaired distribution is more 
pronounced in hma2 hma4 double mutants. Addition 
of e��cess Zn to the growth medium suppresses the 
growth defect, despite the fact that these double 
mutants still have consistently lower levels of Zn in 
the aerial portions of the plant. Additionally, plants 
overexpressing HMA4 have an increased tolerance 
to both Zn2+ and Cd2+. HMA4 and HMA2 would 
mediate the efflux of Zn across the plasma membrane 
resulting in the xylem loading. Promoter GUS fusions 
show that these genes are e��pressed in the vascular 
bundles of roots and shoots. HMA2 and HMA4 reside 
in the plasma membrane (182 Hussain et al. 2004; 183 
Verret et al. 200�), and apart of their main function as        
Zn translocators to the shoot they may also transport 
Cd2+ to the shoot. This hypothesis is confirmed in the 
Zn/Cd hyperaccumulator A. halleri. In this plant, both 
metal hyperaccumulation depends on the metal pump 
HMA4 which is highly expressed due to a triplication 
of HMA4 and altered cis-regulatory elements. As for 
NRAMPs, plants require HMA4 homologues, since 
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Zn has to be transferred to the shoot. However, it 
may be possible to screen for plants where the Zn/
Cd ratio is altered and find elements in the HMA4 
protein which affect the specificity for this transporter. 
Further studies on HMA4 will also reveal amino acids 
important for this specificity and allow to engineer 
plants which have a reduced Cd translocation rate.
2.2.3 Plant roots and rhizospheric effects 
2.2.3.1. Microbial transformation in soil and 
plants
Plants suffer nutrient deficiency stress when the 
essential TE availability in soil (and/or the amount 
of nutrients taken up) is lower than required for 
sustaining metabolic processes in a particular growth 
stage (Table 3). Deficiency may occur as a result of (i) 
an inherently low TE amount in the soil; (ii) low TE 
mobility in the soil; or (iii) poor solubility of given 
chemical forms of the nutrients. Plants e��posed to 
nutrient deficiency activate a range of mechanisms 
that result in increased nutrient availability in the 
rhizosphere compared with the bulk soil. Plants may 
change their root morphology, increase the affinity 
of nutrient transporters in the plasma membrane, and 
exude organic compounds (carboxylates, phenolics, 
carbohydrates, enzymes) and protons. Rhizosphere 
microorganisms influence TE availability where 
adding beneficial microorganisms may result in 
enhanced uptake of nutrients to crops. The redo�� 
potential of the rhizosphere dynamically changed 
due to the continuous release of oxygen by roots, 
especially under reduction conditions, such as in rice 
fields, and thus affects the chemical form of metals. 
The TE availability in the rhizosphere is controlled 
by the combined effects of soil properties, plant 
characteristics, and the interaction of roots with 
microorganisms (184 Jones et al., 2004). The 
concentration of nutrients and their availability to 
plants differ between the rhizosphere and the bulk 
soil (184 Marschner et al., 2003). Trace elements 
with limited mobility in soils (P, K, Fe, Zn, Mn and 
Cu) are transported to roots by diffusion, which is 
a slow process. These nutrients are usually present 
in relatively large amounts in the bulk soil, but the 
plant-available fraction and the concentration in the 
soil solution in the rhizosphere may be insufficient to 
satisfy plant requirements (Rengel, 200�). 
Plants and microorganisms e��ude a variety of 
inorganic and organic substances that may alter soil 
pH as well as directly influence nutrient availability 
through solubilization, complexation; root exudates 
can also exert a direct influence on rhizosphere 
microorganisms. The factors influencing metal 
fractionation and bioavailability in soil include 
root-induced pH changes, metal binding by root 
exudates (185 Dakora and Phillips, 2002), root-
induced microbial activities, and root depletion as a 
consequence of plant uptake (186 Ernst, 1996). The 
processes responsible for changes in rhizospheric 
pH involve the evolution of CO2, the release of root 
exudates, the excretion or re-absorption of H+ or 
HCO-
3
, and the microbial production of organic acids 
(17 Hinsinger, 1999). The TE within the soil complex 
can either be solubilized under acidic condition or 
precipitated under alkaline condition (187 Jefferey 
and Uren, 1983). 
The microbial reduction of elements has attracted 
recent interest because these transformations can 
play crucial roles in the cycling of both inorganic 
and organic species in a range of environments. If 
harnessed, it may offer the basis for a wide range of 
innovative biotechnological processes. Under certain 
conditions, however, microbial metal reduction can 
also mobilize non-essential metals with potentially 
calamitous effects on human health (188 Lloyd, 
2003).
Reduction and oxidation of Mn by microorganisms 
are important components of Mn cycling in soil. 
Fluorescent pseudomonas is effective Mn reducers, 
which appear to be more abundant in the rhizospheres 
of some Mn-efficient Triticum aestivum genotypes 
compared with Mn-inefficient genotypes (189 Rengel 
et al., 1998). The composition of rhizosphere bacterial 
communities was assessed using the ribosomal 
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Element Function
Nitrogen Component of proteins, nucleic acids and some coenzymes
Element required in greatest amount
Potassium Regulates osmotic potential, principal inorganic cation
Calcium Cell wall synthesis, membrane function, cell signalling
Magnesiu
m
Enzyme cofactor, component of chlorophyll
Phosphoru
s
Component of nucleic acids, energy transfer, component of 
intermediates in respiration and photosynthesis
Sulphur Component of some amino acids (methionine, cysteine) and some
cofactors
Chlorine Required for photosynthesis
Iron Electron transfer as a component of cytochromes
Manganes
e
Enzyme cofactor
Cobalt Component of some vitamins
Copper Enzyme cofactor, electron-transfer reactions
Zinc Enzyme cofactor, chlorophyll biosynthesis
Molybden
um
Enzyme cofactor, component of nitrate reductase
Table 3 Some of the important elements and their physiological functions in plants.These 
elements have to be supplied by the culture medium in order to support the growth of 
healthy cultures in vitro.
intergenetic spacer analysis (RISA) region of the 
bacterial DNA (184 Marschner et al., 2003). The 
results suggest the importance of microorganisms in 
plant Mn uptake.
The mobilization of arsenic from sediments to 
drinking water and to plants constitutes a major toxic 
hazard to millions of people in Bangladesh and West 
Bengal. �90 Islam et al. (200�) detected the role of 
indigenous metal-reducing bacteria in the formation 
of toxic, mobile As(III), in sediments through the use 
of a microcosm-based study. The addition of acetate 
to anaerobic sediments, as a proxy for OM and a 
potential electron donor for metal reduction, resulted 
in stimulation of the microbial reduction of Fe(III), 
followed by As(V) reduction and release of As(III). 
These results suggest that either direct enzymatic 
microbial reduction of As(V) by Fe(III)-reducing 
bacteria or indirect mechanisms associated with 
the reduction of Fe(III) oxides could be important 
mechanisms for arsenic release in these sediments, 
with the involvement of Geobacter species implicated 
in these transformations. Members of the family 
Geobacteraceae predominate in aquifers where Fe(III) 
reduction is a significant terminal electron-accepting 
process, especially when sediments are stimulated 
with acetate as an electron donor (�90 Islam et al., 
2004; 191 Snoeyenbos-West et al., 2000). Under 
these environments, they play a dominant role in the 
degradation of OM and also control the mobility of 
metals and radionuclides (188 Lloyd, 2003). Although 
Geobacter species have not been reported to reduce 
As(V), these organisms do have the physiological 
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capacity to reduce a wide range of metals and 
metalloids (192 Caccavo, 1994; 188 Lloyd, 2003) vis-
à-vis a battery of c-type cytochromes (193Methe et al., 
2003), while the existence of an As resistance operon, 
including a gene for a putative arsenate reductase 
(arsC), was reported for G. sulfurreducens (193 Methe 
et al., 2003). The potential of G. sulfurreducens to 
mobilize As vis-à-vis direct enzymatic reduction and 
indirect mechanisms linked to Fe(III) reduction have 
been studied (194 Islam et al., 2005). 
Although the full environmental relevance of TE 
transformation processes has only recently become 
apparent, rapid advances in the understanding of 
these important biotransformations have been made. 
However, we still have much to learn about the 
precise mechanisms involved and the full impact of 
such reactions on a range of biogeochemical cycles. 
Given the availability of genomic sequences for key 
metal-reducing micro-organisms, new post-genomic 
and proteomic approaches and the possibility of 
combining these tools with advanced techniques 
from other branches of science and technology are 
required. 
2.2.3.2. Plant root interactions and rhizospheric 
effects 
Phytoremediation is becoming an established 
technology for environmental clean-up and protection 
(59 Ebbs et al., 1997). The study of TE uptake by plants, 
however, requires knowledge of the processes through 
which metals and metalloids are transferred to plant 
roots, including the rhizospheric processes, especially 
to base manipulation (195 Lynch and Whipps, 1990196 �  
Courchesne et al. 2008). Microorganisms may affect    
the TE bioavailability through their influence on (1) the 
growth and morphology of roots; (2) the physiology 
and development of plants; (3) the TE fractionation; 
and (�) the root uptake process. Understanding the 
role of plant–microbe–soil interactions in governing 
nutrient availability in the rhizosphere will enhance 
the economic and environmental sustainability of 
crop production. The rhizosphere properties differ 
from those of bulk soil due to the modifications by 
processes such as the release of e��udates, altering 
pH, adsorption and desorption of chemical materials, 
removal of water, o��idation/reduction of TE, altering 
root morphology, and physical forces of plant roots 
(Fig. �). Therefore, the TE dynamics in the rhizosphere 
are expected to differ from their dynamics in bulk soil 
(197 Vig et al. 2003, 196 Courchesne et al. 2008) and     
it may affect their bioavailability (198 Choi, 2009).
Root exudates selectively influence the growth of 
microorganisms that colonize the rhizosphere by 
altering the soil chemistry in the root vicinity and 
by serving as selective growth substrates for soil 
microorganisms. Microorganisms in turn influence 
the composition and quantity of various root e��udate 
components through their effects on root cell leakage, 
cell metabolism, and plant nutrition. Based on 
differences in root e��udation and rhizodeposition 
in different root zones, rhizosphere microbial 
communities can vary in structure and species 
composition in various root locations or in relation to 
soil type, plant species, nutritional status, age, stress, 
disease, and other environmental factors (�99 Dong 
et al. 2007, 200 Li et al., 2005, 2001, Kamaludeen and 
Ramasamy 2008).
Root e��udates composition and quantity vary in 
relation to plant nutritional status, but the impact of the 
differences on rhizosphere microbial communities is 
not well known. Current models based on nutritional 
competition for Fe, as an e��ample, in the rhizosphere 
suggest that plant iron nutritional status may influence 
rhizosphere community structure, particularly at 
the root tips. Plants and microorganisms secrete 
siderophores in the rhizosphere to solubilize and 
transport Fe (202 Xuan et al. 2007, 203 Ladouceur et 
al., 2008). 
Siderophore production by soil microorganisms 
is considered as the microbial activity that is most 
supportive of Fe acquisition by plants because 
siderophores are chelators with a high affinity for 
Fe(III). Many Fe(III)–siderophore chelates have 
been proven to be a source of available Fe for plants 
(204 Chen et al. 1998; 205 Chen et al. 2000). The 
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Fig. 4 Mechanisms involved in enhancing trace element/nutrient availability and uptake to plants.
rhizosphere interactions between soil microbes 
and plant roots are quite comple��, where the actual 
mechanism by which soil microbes contribute to 
plant Fe acquisition remains unknown. Regarding 
the effect of soil microorganisms and nodulating 
rhizobia on Fe acquisition in the Fe-efficient red 
clover (Trifolium pratense L.), root e��udates from –Fe 
plants selectively influence the rhizosphere microbial 
community. The microbes in turn favour plant Fe 
acquisition by producing siderophores and auxins 
(206 Jin et al., 2006). Maize and sunflower plants 
grown on calcareous soil showed poor growth and/or 
were chlorotic in spite of abundant Fe in the roots (207 
Masalha et al., 2000). Plants cultivated under non-
sterile conditions grew well, showed no Fe-deficiency 
symptoms, and had fairly high Fe concentrations in 
the roots in contrast to plants grown in the sterile 
medium. Low root and leaf Fe concentrations in 
the a��enic treatments indicated that the production 
of microbial siderophores was totally suppressed. 
Accordingly, sunflowers were severely chlorotic and 
this was associated with very poor growth, whereas 
in maize only growth was drastically reduced (207 
Masalha et al., 2000). For rape and sorghum species 
cultivated under similar conditions, the release of 
siderophores from the roots requires soil microbial 
activity to ensure satisfactory Fe supply (208 Roco et 
al., 2003). It may be assumed that in natural habitats 
soil microbial activity is of pivotal importance for 
plant Fe acquisition and the severe symptoms depend 
on the plant species. 
In monocot grasses, Fe stress results in the release 
of phytosiderophores that are secreted behind the 
root tips to mobilize inorganic Fe that can be taken 
up by the plant roots (209 Marschner and Crowley, 
1998). Certain bacteria in the rhizosphere can utilize 
these phytosiderophores as a source of Fe or may 
alter Fe availability to plants and other competing 
microorganisms (210 Von Wiren et al., 1993). As 
Fe stress becomes more severe, the proportion of 
phytosiderophores in the root e��udates increases 
so that the plant Fe chelators comprise 50% of the 
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total root e��udates. These changes in root e��udate 
composition should have a considerable impact on 
microbial community structure in the rhizosphere 
and may influence rhizosphere competence (211 
Raaijmakers et al., 1995; 209 Marschner and Crowley, 
1998). 
The Fe competition and plant Fe nutritional status affect 
microbial community structure in the rhizosphere. In 
barley plants grown under Fe-limiting and Fe-sufficient 
growth conditions, one-half of the plants were treated 
with foliar Fe every day to inhibit phytosiderophore 
production and to alter root e��udate composition (2�2 
Yang and Crowley, 2000). The microbial communities 
associated with the various root locations, i.e. the 
primary root tips, nonelongating secondary root tips, 
sites of lateral root emergence, and older roots distal 
from the tip, produced many common �S rDNA 
bands where the communities could be distinguished 
by using correspondence analysis. There were 
taxonomically different species in the same band. The 
rhizospheric bacterial communities differ in various 
root zones and approximately 40% of the variation 
between communities could be attributed to plant 
Fe nutritional status causing changes in root e��udate 
composition (212 Yang and Crowley, 2000). 
Cadmium accumulation varies between cultivars of 
durum wheat (Triticum turgidum var. durum), and low-
molecular-weight organic acids (LMWOAs) produced 
at the soil-root interface may control the availability 
and uptake of Cd by these plants (213 Cieslinski et al., 
1998). No water extractable LMWOAs are identified 
in the bulk soil indicating the importance of microbial-
plant interaction in TE accumulation. Total amount 
of LMWOAs in the rhizosphere soil of the high Cd 
accumulator wheat cultivars is higher than that for 
the low Cd accumulator in all three soils, resulting in 
increased Cd uptake by the accumulator cultivar.
Rhizobacteria can play an essential role in the 
resistance of plants to stress induced by some 
trace elements. The inoculation of rape and brown 
mustard plants with rhizobacteria enhances the 
resistance of the plants to Ni, Pb, Zn, and Cd (214 
Belimov, 2001). Seed bacterization with TE–resistant 
rhizobacteria strains such as Azospirillum lipoferum, 
Arthrobacter mysorens, Agrobacterium radiobacter, 
and Flavobacterium sp. improve the growth of 
barley plants and the nutrient uptake from Pb- and 
Cd-contaminated soil in lab and field conditions (215 
Belimov, 2004). The bacterization also prevents the 
accumulation of Pb and Cd in barley plants, thereby 
mitigating the toxic effect of both metals on the 
plants.
Plants and microorganisms compete for uptake 
of available nutrients in the rhizosphere. Most 
plant species can increase their capacity to access 
TE by altering root morphology and by changing 
the capacity and/or affinity of plasma membrane-
embedded transporters capable of carrying nutrients 
into the cytosol (2� Marilley and Aragno, �999; 2�7 
Marschner et al., 200�a). Root e��udates represent an 
easily degradable nutrient source for microorganisms, 
allowing some microbial species to proliferate rapidly 
in the rhizosphere (218 Azaizeh et al., 1995). These are 
usually species with high growth rates and relatively 
high nutrient requirements, such as Pseudomonads 
(2� Marilley and Aragno, �999). Plants grown 
with deficient versus sufficient TE supply often have 
differential microbial communities in the rhizosphere 
(217 Marschner et al., 2004a). Nutrient deficiency 
can influence rhizosphere microorganisms either 
directly, by affecting their nutrition, or indirectly, 
by altering root morphology and exudation. As an 
e��ample, Lupinus albus produces cluster roots under 
P deficiency; cluster roots of different ages have 
different microbial community compositions, as 
influenced by root exudation (219 Marschner et al., 
2002). In contrast, microbial community structure in 
the rhizosphere of Poaceae genotypes is correlated with 
P availability in the rhizosphere (220 Marschner et al., 
2005b), indicating a direct effect of P on rhizosphere 
microorganisms. The importance of soil organic P 
as a source of plant available P depends on its rate 
of solubilization and the rate of inorganic P release. 
Several types of phosphatases, such as phytases, are 
able to increase the rate of the dephosphorylation 
(hydrolysis) of organic P. Phosphatases in the 
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rhizosphere may arise from plant roots (221 Hayes 
et al., �999) or from soil microorganisms (222 
Richardson and Hadodas, 1997). 
The root exudation of organic compounds contributes 
to increase nutrient availability in the rhizosphere. The 
regulation of the complete e��udation process and the 
underlying genetics need to be more elucidated. Fully 
understanding the interactions among root e��udation, 
indigenous rhizosphere microorganisms, and TE 
availability is very crucial for crop production.
2.2.3.3. Microbial plant growth-promotion in 
contaminated soils
The application of bioinoculants like arbuscular-
mycorrhizal fungus, and/or plant growth-promoting 
rhizobacteria such as Azospirillum, Agrobacteria, 
Pseudomonas and several Bacillus species is 
an environment-friendly, energy efficient and 
economically viable option for reclaiming soils and 
increasing biomass production (224 Mayak et al., 
2004; 223 Rabie and Almadini, 2005). The inoculation 
of bacterial strains producing exo-polysaccharides 
enables plants to withstand the initial effects of 
e��cessive TE e��posure and the osmotic stresses 
but it also benefits the inoculated plants in terms of 
an increased e��ploitation of the soil nutrients. By 
providing an increased e��tent of rhizodeposits in the 
soil, bioinoculants assist in initiating soil microbial 
activities (225 Ashraf et al., 2006). 
Plant growth-promoting rhizobacteria (PGPR) 
associated with plant roots exert beneficial effects 
on plant growth and nutrition through a number 
of mechanisms such as N2 fixation, production of 
phytohormones and siderophores, and transformation 
of nutrient elements when they are either applied to 
seeds or incorporated into the soil (22 Kloepper et al., 
1989; 227 Burd et al 2000). Also, some rhizobacteria 
can exude compounds, such as antibiotics, phosphate 
solubilization, indoleacetic acid (IAA), siderophores, 
1-aminocyclopropane-1-carboxylic acid (ACC) 
deaminase (Fig. 5), which increase bioavailability 
and facilitate root absorption of nutrients, such as Fe 
(Crowley et al., �99�) or non-essential elements, such 
as Cd and Pb (228 Salt et al., 1995), and enhancing 
the tolerance of host plants by promoting plant 
growth (229 Shilev et al., 2001 230 Shilev et al 2008). 
IAA produced by rhizobacteria is believed to play an 
important role as a phytohormone, influencing many 
cellular plant processes. The biosynthesis of auxins 
with their excretion into soil mainly contributes to 
the bacterial plant-growth-promoting effect (231 
Lambrecht et al., 2000). Fluorescent pseudomonads 
produce siderophores, the pyoverdines which are 
available in both homologous and heterologous 
uptake systems (232 Sharma and Johri, 2003). 
These pseudomonads are low molecular weight 
iron chelators which are released under iron limited 
conditions in their surroundings, possess high binding 
affinity and specificity for iron (III), and facilitate its 
transport into the bacterial cell (233 Schalk et al., 
2001). All these bacterial characteristics support the 
symbiotic interactions in the rhizosphere zone for 
mutual benefits of plants and microbes. 
2.2.3.4. Indoleacetic acid production
Wild-type and 378 CECT Pseudomonas strains were 
inoculated in liquid Bacto-Pseudomonas F (BPF) 
medium supplemented with a range of L-tryptophan 
concentrations to stimulate IAA production. The 
production of IAA without triptophan in the medium 
was higher in populations of the collection strain than 
in the wild-type (Fig. ). In media with increasing 
L-triptophan concentrations, the production of IAA 
also increased and higher production was found 
in the population of the wild-type in all studied 
concentrations. The IAA production correlates with the 
triptophan concentration in the medium. E��ogenous 
triptophan is required in most cases, although it seems 
it is more required for the wild-type.
2.2.3.5 ACC utilization as a sole carbon source
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Fig. 5  Schematic representation of how PGPR 
bound to either a seed or plant root lowers 
the ethylene concentration and therefore 
prevents inhibition of root elongation 
by ethylene. The symbol ⊥ indicates the 
inhibition. Legend: IAA, indoleacetic acid; 
ACC, 1-aminocyclopropane-1-carboxylic 
acid; AdoMet, S-adenosyl-methionine, α-
kB, α-ketobutyrate.
Some plant growth-promoting bacteria, i.e. free-
living soil bacteria that are involved in a beneficial 
association with plants, contain the enzyme ACC 
deaminase (234 Glick, 1995), which can cleave the 
plant ethylene precursor ACC and lower the level of 
ethylene in a developing or stressed plant by excessive 
TE exposure. PGPR containing ACC deaminase may 
insure that the ethylene level does not impair root 
growth (235 Glick et al., 1998), and by facilitating 
the formation of longer roots may enhance seedling 
survival and plant root growth. PGPR stimulate root 
growth of different crop plants including sunflower 
and maize (214 Belimov et al., 2001). The bacteria 
utilize the ammonia evolved from ACC as a nitrogen 
source and thereby decrease ACC within the plant 
(236 Penrose and Glick, 2001). PGPR dispose 
different mechanisms to suppress the development of 
plant-root pathogens (237 Duffy and Défago, 1999).
3.0 Regulatory control of trace element entry to 
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Fig. 6 IAA production of P. 
fluorescens wild type and P. 
fluorescens CECT 378 in liquid 
BPF-medium supplemented or 
not with different concentrations 
of L-triptophan, after 2� h of 
cultivation on rotary shaker.
Bars represent the mean of three 
replicates ± the SE.
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food chain 
Most of the European soil protection and soil 
contamination legislations were promulgated in 
nineteen nineties. In case of suspected contamination, 
soil investigation mostly follows stepwise approach 
starting with a preliminary investigation, then in-
depth investigation and at the end final remediation. 
The main purposes of Regulatory values of TE are to 
reduce their accumulation rate in European agricultural 
soils on one hand and to grow consumable crops that 
do not pose adverse and unacceptable risk to animal 
and human health on the other. Such control values 
are, however, complicated by (i) soil organisms differ 
in their sensitivity to metals, (ii) e��posure pathways 
differ for TE, and (iii) properties of soil and materials 
contaminated with TE (e.g. fertilizer, biosolids etc.) 
influence the degree of exposure (bioavailability) of 
metals and metalloids in soil and different chemically 
nature of trace elements. The precautionary option 
adopted by Scandinavian countries is the maintenance 
of the status quo in terms of metal concentration in 
soil, implying that input must not e��ceed output of 
metals. This other side of sustainability is not easily 
achievable. Furthermore, the feasibility of such 
option can be restricted in many countries because 
of the presence of contamination sources, which are 
yet to be minimized and for economic reasons. The 
alternative EU option is to regulate TE concentration 
in soils to levels that will maintain environmental 
health for agricultural purposes and also avoid any 
off-site impacts due to movement of contaminants 
to interlinked ecosystems such as water air etc. It is 
strongly based on observed TE impacts. However, 
the major consideration for regulatory authorities 
is that contamination of agricultural soils by TE is 
irreversible. 
The soil standards in most of the countries should 
trigger gentle and hard actions. Soil standard generic 
values differ from country to country because they 
are mainly based on ecotoxicological impacts and 
sometimes use of different models. In Switzerland 
and Germany, there are two types of generic values, 
i.e. one based on total and the other based on neutral 
salt extractable values (derived from adverse effects 
on plant and soil organisms). The soil generic values 
should be in conjunction with the crop values and 
vice versa. This will help in achieving model input 
=output.
Most of the generic soil standard values differ widely 
and do not account for the interfacial interaction of 
contaminants. Sometimes these values are selected 
on political basis rather than scientific background. 
Furthermore, these values should be used as a basis 
for prevention rather than complete cure. The generic 
values should safe guard the growth of very sensitive 
organisms. Efforts should be made to harmonize 
selection and basis of development of generic values. 
In this direction the efforts made by the International 
Standardization Organisation (ISO) are appreciable. 
For a sustainable soil quality, able to grow healthy 
plants, serious efforts to improve the quality of 
agricultural inputs as well as on air quality, water 
quality and soil organisms are needed. 
Until now the EU has used the TWI of 7 micrograms 
per kilogram of body weight (ug/kg bw), which was 
set by the Joint FAO/WHO Expert Committee on 
Food Additives (JECFA) in 1988 and reaffirmed in 
1995. But the EFSA’s panel on contaminants in the 
food chain has decided to lower it considerably to 2.5 
ug/kg bw. The new level will be of interest to risk 
assessors, and could affect decisions for ingredients 
grown in areas of high contamination (March 2009: 
http://www.foodnavigator.com/Legislation/EFSA-
slashes-heavy-metal-limit)
Frequently consumed foods that are particularly likely 
to come with a high content are grains, vegetables, 
pulses and nuts, as well as meat. Other foods that can 
have a high content but that are eaten less often include 
fish, chocolate, mushroom and dietary supplements. 
The panel took into consideration a raft of studies that 
investigated levels of cadmium in the urine and levels 
of beta-2-microglobulin, a protein that indicates 
kidney function. The new TWI of 2.5 ug/kg bw when 
the results of this analysis translated cadmium in the 
urine to actual dietary e��posure. 
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Even though the panel concluded that e��posure should 
be reduced, they said that the risk of actual kidney 
damage from e��ceeding the TWI was very low since 
the TWI is based on early indicators of a change 
in kidney function, not damage itself. In addition 
the panel looked at data on cadmium in food in 20 
countries and consumption data. While high e��posure 
was seen to be 3.0 µg/kg per week and average 2.3 
µg/kg bw, vegetarians could eat as much as 5.4 µg/kg 
bw. Children could exceed the TWI as they tend to eat 
more food per kilogram of bodyweight. (See: http://
www.foodnavigator.com/Science-Nutrition/FSA-
calls-for-more-research-on-certain-metals-in-food)
A newly-released study indicates that levels of most 
metals in UK foods are falling or remain stable; but 
the FSA says there is a need for more research on 
aluminium, barium and manganese, which bucked 
the trend. The study, which was conducted by the 
Food Standards Agency’s Committee on To��icity 
of Chemicals in Food, Consumer Products and the 
Environment (COT) in 200, studied 2� elements 
including metals in samples of 20 different food 
groups, bought in 24 randomly selected UK towns. 
The aim was to estimate the dietary e��posures of the 
elements for UK consumers. The COT concluded that 
there were no specific health concerns associated with 
the findings, which showed that levels of most of the 
elements were the same or lower than in 2000, the last 
time the study was done. 
The COT’s specific recommendations were that future 
research should take in information on the different 
forms of aluminium in food and how bioavailable 
they are. After noting a large variability in alumium 
in foods, they said this should be “clarified,” and 
consideration should be given to whether this represents 
an increasing trend As for barium, the committee 
recommended an assessment of the bioavailability of 
barium in nuts, as compared to barium choloride in 
water. A long-term human study is needed, they said, 
to establish the effect of barium on blood pressure, 
and to investigate the effects of barium in drinking 
water on the renal system.
Finally, the COT e��pressed the need for more 
information on the bioavailability of manganese – 
especially when coming from manganese, since that 
was seen to be the main contributing food group. The 
FSA had not responded to an enquiry as to whether 
it would initiate or fund the required research, prior 
to publication of this article. (http://cot.food.gov.uk/
pdfs/cotstatementtds200808.pdf)
4.0 Summary and conclusions
Trace elements and especially Cd in human food-
chain are of major concern and thus restricting their 
entry into food chain and protecting human and animal 
health is an important challenge for agronomists, 
microbiologists, plant biologists and physiochemists. 
The in situ stabilization of TE in soils by amendments 
such as lime, OM, phosphates, and mineral o��ides can 
reduce the bioavailable TE fractions in soils and their 
entry into food crops, however, the effects depend on 
soil conditions, plant species and the management 
practices. Similarly, element interactions affect TE 
in food crops. Zinc application reduces Cd uptake by 
40% and 60% in flax and durum wheat, respectively, 
and Cd translocation to the seed/grain in both crops (> 
30%). Grain Cd increases when wheat is grown after 
lupins and thus a proper crop rotation is essential to 
minimize Cd uptake. Although the decontamination 
techniques such as phytoremediation by the use 
of hyperaccumulators or high biomass crops and 
solubilization by ligands (e.g. ion exchange resins, 
natural and synthetic chelators) provide alternative 
options for reducing TE transfer to food crops, they 
suffer with several limitations. Phytoremediation 
is a slow and long-term process to achieve the 
remediation objectives, whereas solubilization may 
have undesired side-effects such as increasing the TE 
to��icity and their leaching to deeper soil layers or to 
groundwater.
Selection and breeding of crops for their low TE 
uptake potential (phytoe��clusion) can minimize 
non-essential elements in food chain. Large genetic 
variations e��ist for Cd uptake among cultivars, e.g. 
low Cd rice cultivars retain more Cd in roots and 
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translocate less to grain than high Cd cultivars. 
Phytoexclusion has many constraints, one being the 
time consuming process of plant selection because 
e��cluder cultivars must also meet the requirement of 
suitable yield level, agronomic suitability, quality and 
disease resistance, etc.
Knowledge of the identity of transporters for various 
TE is increasing through the use of molecular 
genetic techniques. However TE-ligand speciation 
and TE transport in plants are dynamic processes 
varying across tissues, subcellular compartments, 
developmental stages, and plant species. The increased 
availability of gene deletion mutants, or plants over- 
or undere��pressing certain key genes or chimeric 
genes under the control of different promoters will 
provide evidence in relation to Cd translocation 
and accumulation. Finding the responsible genes 
for low Cd content in edible plant parts is a target 
of future plant breeding programs. The root exudates 
contribute to nutrient availability in the rhizosphere. 
The rhizodeposition regulation and the underlying 
genetics need more insights. Fully understanding of 
the interactions between root exudation, indigenous 
rhizosphere microorganisms, and TE availability 
is crucial for crop production. Bioengineering the 
rhizosphere by adding beneficial microorganisms 
will require understanding of microbe–microbe and 
microbe–plant interactions, enabling introduced 
microorganisms to show full activity in the targeted 
rhizosphere to improve crop production and yields. In 
spite of complex web of geochemical and biological 
interactions, which determine the TE bioavailability 
in soil-plant-human system, we conclude that soil and 
plant specific options must act in synergy to reduce 
TE transfer to the food chain.
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AtOSA1, a Member of the Abc1-Like Family, as a New
Factor in Cadmium and Oxidative Stress Response1[W][OA]
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Enrico Martinoia, and Lucien Bovet2,3*
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The analysis of gene expression in Arabidopsis (Arabidopsis thaliana) using cDNA microarrays and reverse transcription-
polymerase chain reaction showed that AtOSA1 (A. thaliana oxidative stress-related Abc1-like protein) transcript levels are
influenced by Cd21 treatment. The comparison of protein sequences revealed that AtOSA1 belongs to the family of Abc1
proteins. Up to now, Abc1-like proteins have been identified in prokaryotes and in the mitochondria of eukaryotes. AtOSA1 is
the first member of this family to be localized in the chloroplasts. However, despite sharing homology to the mitochondrial
ABC1 of Saccharomyces cerevisiae, AtOSA1 was not able to complement yeast strains deleted in the endogenous ABC1 gene,
thereby suggesting different function between AtOSA1 and the yeast ABC1. The atosa1-1 and atosa1-2 T-DNA insertion
mutants were more affected than wild-type plants by Cd21 and revealed an increased sensitivity toward oxidative stress
(hydrogen peroxide) and high light. The mutants exhibited higher superoxide dismutase activities and differences in the
expression of genes involved in the antioxidant pathway. In addition to the conserved Abc1 region in the AtOSA1 protein
sequence, putative kinase domains were found. Protein kinase assays in gelo using myelin basic protein as a kinase substrate
revealed that chloroplast envelope membrane fractions from the AtOSA1 mutant lacked a 70-kD phosphorylated protein
compared to the wild type. Our data suggest that the chloroplast AtOSA1 protein is a new factor playing a role in the balance
of oxidative stress.
Heavy metals like Cu21, Zn21, and Mn21 in trace
amounts play an essential role in many physiological
processes but can be toxic if accumulated at high
concentrations. In contrast, other heavy metals such as
Cd21 and Pb21 have no biological functions and can be
extremely toxic. Cadmium is a nonessential heavy
metal widespread in the environment, being an im-
portant pollutant and known to be toxic for plants not
only at the root level where Cd21 is taken up but also in
the aerial part. It can be transported from root to shoot
via the xylem (Salt et al., 1995; Verret et al., 2004).
Cadmium has been reported to interfere with micro-
nutrient homeostasis (Clemens, 2001; Cobbett and
Goldsbrough, 2002). It might replace Zn21 in the active
site of some enzymes, resulting in the inactivation of
the enzymatic activity. Cadmium also strongly reacts
with protein thiols, potentially inactivating the corre-
sponding enzymes. To overcome this problem, cells
produce excess quantities of chelating compounds
containing thiols, such as small proteins called metal-
lothioneins (Cobbett and Goldsbrough, 2002) or pep-
tides like glutathione and phytochelatins (Clemens
et al., 2002), which limit the damage induced by Cd21.
In addition, several types of transport systems have
been shown to contribute to heavy metal resistance,
including P-type ATPases and ABC transporters. They
transport either free or ligand-bound heavy metals
across biological membranes, extruding them into the
apoplast or into the vacuole (Kim et al., 2007).
In response to heavy metals, diverse signal trans-
duction pathways are activated, including mitogen-
activated protein kinases, transcription factors, and
stress-induced proteins (Jonak et al., 2004). Our knowl-
edge concerning components of these pathways is
growing but still incomplete.
The Abc1 protein family originates from the Saccha-
romyces cerevisiae ABC1 gene, which has been isolated
as a suppressor of a cytochrome b mRNA translation
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defect (Bousquet et al., 1991). The mitochondrial ABC1
in yeast was suggested to have a chaperone-like activ-
ity essential for a proper conformation of cytochrome b
complex III (Brasseur et al., 1997). However, more
recent data suggest that the ABC1 protein might be
implicated in the regulation of coenzyme Q biosyn-
thesis (Hsieh et al., 2004). The Abc1 family has also
been described as a new family of putative kinases
(Leonard et al., 1998), and it has been suggested that
the putative kinase function of Abc1-like proteins is
related to the regulation of the synthesis of ubiquinone
(Poon et al., 2000). Homologs of yeast ABC1 have
been isolated in higher eukaryotes. In Arabidopsis
(Arabidopsis thaliana), the only studied ABC1-like pro-
tein has been predicted to be localized in the mito-
chondria. It partially restored the respiratory complex
deficiency when expressed in S. cerevisiae (Cardazzo
et al., 1998). In humans, a homolog of the Abc1
proteins (CABC1) has been identified and it is possibly
involved in apoptosis (Iiizumi et al., 2002). The human
CABC1 protein has 47% and 46% similarity to ABC1 of
Arabidopsis and Schizosaccharomyces pombe, respec-
tively.
The data presented in this study suggest that the
chloroplast AtOSA1 (A. thaliana oxidative stress-
related Abc1-like protein), an Arabidopsis protein be-
longing to the Abc1 protein family, is implicated in the
plant response to oxidative stress that can be gener-
ated by Cd21, hydrogen peroxide (H2O2), and light.
Our results show that AtOSA1 is functioning differ-
ently fromAbc1; hence, the proteins of the Abc1 family
can fulfill diverse functions.
RESULTS
AtOSA1 Transcript Levels Change in Response to
Cadmium Exposure
The elucidation of the physiological functions of
gene products that transcript levels are up- or down-
regulated by Cd21 in the model plant Arabidopsis is
of major interest to understand response of plants to
Cd21. Several transcriptomic analyses have been per-
formed using a subarray spotted with a large number
of different cDNA sequences. cDNAmicroarrays from
two independent experiments revealed that transcript
levels of AtOSA1 (At5g64940) were down-regulated
after the treatment with 0.2 mMCdCl2 for 21 d (Fig. 1A).
The microarray data were confirmed by reverse tran-
scription (RT)-PCR using the same mRNA template
used for the microarray analyses and RNA isolated
from plants exposed to 0.5 and 1 mM CdCl2. After the
1 mM CdCl2 treatment, the transcript level of AtOSA1
was up-regulated (Fig. 1B). Additionally, a time-course
experiment was carried out with 1-week-old plants
exposed to 0.5 mM CdCl2 (Fig. 1C). The data showed
thatAtOSA1was up-regulated in the leaves after 5 d of
Cd21 exposure, then stably expressed until day 12 and,
finally, down-regulated. In the absence of Cd21, an
increase in the expression of AtOSA1 was found to be
correlated with plant aging. The analysis of AtOSA1
transcript levels in the major plant organs of 6-week-
old flowering plants revealed that this gene is ex-
pressed particularly in leaves, but also in flowers and
slightly in stems (Fig. 1D). Under normal growth
conditions, we found only a very low level of AtOSA1
transcripts in roots. Expression of AtOSA1 is in all
likelihood related to the green tissues, because in this
experiment the flowers were not dissected and still
contained green sepals. However, we cannot exclude
that AtOSA1 is also expressed in petals, stamen, and
pistils. The data collected for the At5g64940 entry in
the digital northern program Genevestigator (www.
genevestigator.ethz.ch; Zimmermann et al., 2004) con-
firm predominant expression of AtOSA1 in leaves and
flowers and that the transcript level of AtOSA1, which
is age dependent (Fig. 1C), is also down-regulated in
the night (circadian rhythm dependencies) and senes-
cent leaves. We confirmed these two last results ex-
perimentally (data not shown).
AtOSA1 Has Homology to the Abc1-Like Protein Family
The protein sequence of AtOSA1 possesses a con-
served region of around 120 to 130 amino acids
(according to the Conserved Domain Database for
protein classification; Marchler-Bauer et al., 2005) that
is characteristic for the so-called Abc1 protein family
(Fig. 2; Supplemental Fig. S1). Using the Conserved
Domain Database search engine at the National Center
for Biotechnology Information (Marchler-Bauer et al.,
2003), putative kinase domains were detected within
the AtOSA1 protein sequence (Fig. 2). Similar domains
Figure 1. AtOSA1 gene expression in Arabidopsis. A, Analysis of the
transcript levels of AtOSA1 in leaves after exposure to 0.2 mM CdCl2 for
3 weeks under hydroponic growth conditions using cDNA spotted
arrays. The data presented show the 1Cd to 2Cd ratio obtained from
spotted array replicates. B, Confirmation of the chip data and cadmium
dose-dependent experiment using semiquantitative RT-PCR (35 cycles).
C, Time-dependent (days) regulation of AtOSA1 in leaves of Arabidop-
sis in the presence (1) or absence (2) of 0.5 mM CdCl2. D, RT-PCR
analysis of AtOSA1 in plant organs: leaf (L), root (R), flower (F), stem
(St), and silique (Si).
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were found in phosphoinositide 4-kinase and Mn21-
dependent Ser/Thr protein kinase.
The hydropathy plot made with TMpred (Hofmann
and Stoffel, 1993) revealed the presence of two trans-
membrane spans within the C-terminal part of AtOSA1
(Supplemental Fig. S1). Similar results were obtained
using theDAS transmembraneprediction server (http://
www.sbc.su.se/;miklos/DAS/).
Themembers ofAbc1 protein family have been identi-
fied in both pro- and eukaryota, for example, AarF from
Escherichia coli (Macinga et al., 1998) and ABC1 from
yeast (Bousquet et al., 1991). It is worth emphasizing
Figure 2. Schematic illustration of the AtOSA1 protein topology. Identified domains are depicted as follows: white box,
chloroplast targeting peptide; black box, ABC1; horizontal stripe box, Mn21-dependent Ser/Thr protein kinase (S/T K); dotted
box, phosphoinositide 4-kinase (PI4K); and shaded barrel, a region with predicted transmembrane spans.
Figure 3. Phylogenetic tree of Arabidopsis Abc1 proteins (accession nos. according to TAIR http://www.arabidopsis.org/): rice
Os02g0575500 and Os09g0250700, S. cerevisiae ABC1 (CAA41759) and YLR253W, Ostreococcus tauri Q00Y32, Croco-
sphaera watsonii ZP_00517317, Trichodesmium erythraeum YP_722994, Anabaena variabilis YP_323883, Nostoc
NP4885555, and Synechocystis P73627. Protein sequences were aligned using the program DIALIGN (Morgenstern, 2004)
and the phylogenetic tree was drawnwith the TreeView32 software (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). Scale
bar indicates distance values of 0.01 substitutions per site.
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that the Abc1 protein family is not related to ABC
transporters despite the fact that AtOSA1 has been
previously described as an ABC transporter belonging
to the ATH (ABC2) subfamily (Sanchez Fernandez
et al., 2001). AtOSA1 does not possess any typical
features, including, for instance, the most characteristic
sequence of ABC transporters known as signature mo-
tif [LIVMFY]S[SG]GX3[RKA][LIVMYA]X[LIVFM][AG]
(Bairoch, 1992).
In Arabidopsis, the sole ABC1-like protein
(At4g01660) studied so far has been predicted to be
localized in mitochondria and can partially restore the
respiratory complex deficiency when expressed in S.
cerevisiae (Cardazzo et al., 1998). This protein has 32%
amino acid identity with AtOSA1. The Arabidopsis
genome contains 17 putative Abc1-like genes. Based
on the aligned translated products, a phylogenetic tree
has been drawn (Fig. 3). The closest Arabidopsis
homolog is At3g07700, which shares 45% amino acid
identity with AtOSA1. To date, nothing is known
about the localization and potential function of both
gene products, although the expression of an apparent
homolog of At3g07700 in Brassica juncea (DT317667)
has also been found to be regulated by cadmium
(Fusco et al., 2005). Two translated gene products from
rice (Oryza sativa), Os02g0575500 and Os09g0250700,
share high homologies with AtOSA1. In prokaryotes,
the closest homologs of AtOSA1 are the members of
the Abc1 family found in different cyanobacteria like
Nostoc (NP_4885555) and Synechocystis sp. (P73627),
sharing, respectively, 45% and 44% identity at the
amino acid level. Prokaryotic Abc1 proteins also have
been detected in E. coli and Clostridium. Interestingly,
these organisms lack complex III (Trumpower, 1990;
Unden and Bongaerts, 1997), suggesting that the pos-
sible function for Abc1-like proteins may not be
exclusively linked to the transfer of electrons in mem-
branes.
Identification of the Abc1 domain within the AtOSA1
sequence prompted us to determine the functional
homology of AtOSA1 with Abc1 proteins. For this
purpose, we used the yeast S. cerevisiae deletion mu-
tant W303-1A abc1THIS3 deficient in the endogenous
ABC1 activity (Hsieh et al., 2004). Deletion of theABC1
gene in yeast disturbs the function of the respiratory
chain and prevents growth of this mutant strain on
media containing nonfermentable carbon sources such
as glycerol (Bousquet et al., 1991). The expression of
the entire AtOSA1 gene, including its targeting pre-
sequence in the W303-1A abc1THIS3 strain, did not
restore growth of this mutant on glycerol-containing
media. Neither AtOSA1-EYFP nor AtOSA1 restored
growth. As a control, the growth of the same strain
was restored after complementation with yeast ABC1
gene (Fig. 4, A and B), suggesting functional diver-
gence between AtOSA1 and the yeast ABC1. We
Figure 4. Complementation test of the S. cerevisiae mutant W303-1A
abc1THIS3. Yeast strains S. cerevisiae ABC1 (pRS316 harboring S.
cerevisiae ABC1), pNEV (vector only), AtOSA1 (pNEV harboring
AtOSA1), and AtOSA1YFP (pNEV harboring AtOSA1 with YFP) were
streaked on plates containing minimal medium lacking uracil for
selection (A) and onto minimal medium containing glycerol as a sole
carbon source (B). Plates were incubated for 4 d at 28�C. C, Superpo-
sition of a confocal and a bright field image of W303-1A abc1THIS3
expressing AtOSA1YFP. D, Superposition of a confocal image and a
bright field image of the same cell stained with Rhodamine HexylB.
Figure 5. Confocal laser scanning microscopic analysis of an Arabi-
dopsis suspension cell culture transiently expressing EYFP-tagged
AtOSA1 (A) and Tic110-GFP (B) and the corresponding bright field
images (C and D).
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included the targeting presequence, because chloro-
plast proteins tend to be targeted to the mitochondria
when expressed in fungal cells (Pfaller et al., 1989; Brink
et al., 1994). We monitored the expression of AtOSA1-
EYFP by confocal microscopy. The signal emitted by
the strains expressing TPAtOSA1-YFP (Fig. 4C) was
similar to that of the Rhodamine HexylB used for
stainingmitochondria (Fig. 4D), confirming localization
of AtOSA1 in yeast mitochondria or mitochondrion in
the presence of the chloroplast targeting presequence.
AtOSA1 Is Localized in the Chloroplast
Sequence analysis of the AtOSA1 protein with
Target P (http://www.cbs.dtu.dk/services/TargetP/;
Emanuelsson et al., 2000), used for proteomic analyses
and theoretical predictions of protein localization (Koo
and Ohlrogge, 2002; Peltier et al., 2002), revealed the
presence of a 28-amino acid N-terminal chloroplast
targeting presequence (Supplemental Fig. S1). Both
rice sequences Os02g0575500 and Os09g0250700 also
have such putative chloroplast transit peptide regions
of 56 and 39 amino acids, respectively. To verify its sub-
cellular localization, AtOSA1 was fused (C terminal)
with EYFP and transiently expressed under the control
of the cauliflower mosaic virus 35S promoter in
Arabidopsis suspension cell culture (Fig. 5A). The
signal was visualized by confocal microscopy. The
observed localization was identical with that obtained
for the Tic110-GFP (Fig. 5B), an integral inner envelope
membrane protein of the chloroplast import machinery
(Inaba et al., 2003). Our results confirm in silico and
proteomic data, suggesting a localization of the AtOSA1
protein in the chloroplast envelope of Arabidopsis
(Froehlich et al., 2003).
Cadmium Effect on AtOSA1 Mutants
The identification of mutants for AtOSA1 was pos-
sible from T-DNA insertion lines of the SALK Institute
(SALK 045739) and GABI Kat (GABI, 132G06). To find
the homozygote lines for both mutants, we screened
the F3-F4 generation by PCR using RP, LP, and LB
T-DNA primers designed by SIGnAL T-DNA Express
(http://signal.salk.edu). The mutants were named
atosa1-1 (SALK 045739) and atosa1-2 (GABI 132G06),
respectively (Supplemental Fig. S2). In both mutants,
T-DNA insertions are located toward the 3# end,
thereby excluding the presence of a membrane anchor
in case truncated transcripts are translated (Supple-
Figure 6. Cadmium tolerance and accumulation in atosa1. A, Determination of cadmium accumulation by AAS in 10 seedlings
exposed to 0 (one-half-strength MS), 1, 10, or 20 mM CdCl2 on agar plates (n 5 5). B, The effect of cadmium on root growth of
atosa1-1, atosa1-2, and Col-0 (WT) in the absence (one-half-strength MS) or presence of 20 mM CdCl2. Root length of 8-d-old
seedlings (10 , n , 20, representative results from four independent experiments). C, Determination of cadmium content in
leaves and roots in wild type (Col-0) and atosa1-1 grown under hydroponic conditions (n 5 8; mean 6 SE; t test: *, P 5 0.1; **,
P5 0.05; ***, P5 0.01). D, Autoradiography of plant roots labeledwith 0.04MBq 109CdCl2 in one-eighth-strengthMAMI for 4 h.
E, Phenotype of atosa1 grown in the absence or presence of 0.5 mM CdCl2.
AtOSA1 Responds to Cadmium, Oxidative Stress, and Light
Plant Physiol. Vol. 147, 2008 723
 AtOSA� responds to cadmium, o��idative stress and light 7�
mental Fig. S3). Seedlings of both mutants accumu-
lated less cadmium than the wild type at 10 and 20 mM
CdCl2 (Fig. 6A). Therefore, we investigated cadmium
tolerance in AtOSA1 T-DNA insertion mutants in
1-week-old seedlings grown on bactoagar plates con-
taining 20 mMCdCl2. Interestingly, roots of atosa1-1 and
atosa1-2 mutant seedlings were longer than that of
wild-type seedlings (Fig. 6B), thereby suggesting that
root growth is less affected by cadmium toxicity in
AtOSA1 than in the wild type. Under hydroponic
culture conditions, leaves from wild-type Arabidopsis
plants took up significantly more cadmium than
atosa1-1, confirming the data obtained in seedlings
(Fig. 6C). A similar picture could be observed in the
autoradiograms from 4-week-old plants exposed to
0.04 MBq 109CdCl2 for 4 h (Fig. 6D), in which higher
radioactivity was detected in wild-type plants. Surpris-
ingly, despite the fact that the mutant plants took up
less cadmium, they exhibited a marked chlorotic phe-
notype when exposed to 0.5 mM CdCl2 for 7 d (Fig. 6E).
Superoxide Dismutase Activity and Gene Expression in
the AtOSA1 T-DNA Mutants
Leaf chlorosis observed in the AtOSA1 T-DNA inser-
tion mutants but not in wild-type plants after cadmium
treatment prompted us to determine whether atosa1-1 is
more sensitive to oxidative stress than wild type and
whether some of the genes involved in reactive oxygen
species (ROS) scavenging are regulated differently in
mutants. A suitable approach to determine sensitivity
to ROS is measurement of the activity of superoxide
dismutase (SOD), an essential enzyme to attenuate
plant oxidative stress. In the first approach, we deter-
mined the overall SOD activity in the leaves of wild
type and atosa1-1 exposed or not to 1 mM CdCl2. The
AtOSA1 mutant plants showed increased SOD activity
compared to wild-type plants both in absence and
presence of Cd21. The effect was particularly marked in
the absence of Cd21 treatment (Fig. 7A). To determine
whether chloroplasts also exhibit an increased SOD
activity, we isolated chloroplasts from plants grown in
the presence or absence of Cd21. The data showed that
chloroplasts isolated from the AtOSA1 deletion mutant
displayed a slight but consistently higher SOD activ-
ity compared to the wild-type chloroplasts. This effect
was independent of whether the plants were exposed to
Cd21 or not (Fig. 7B).
Transcript levels of genes (AtAPX1, At1g07890;
AtFSD1, At4g25100; AtFSD2, At5g51100) responding to
oxidative stress (Kliebenstein et al., 1998; Ball et al., 2004)
were investigated. AtAPX1, AtFSD1, AtFSD2, as well as
AtOSA1 were found to be up-regulated in wild type
after 1 mM cadmium treatment. In atosa1-1, only AtFSD2
was comparatively induced by cadmium. Interestingly,
AtFSD1 was more expressed in atosa1.1 under control
conditions when compared to wild type and induction
of AtFSD2 was stronger in the mutant (Fig. 7C).
H2O2, known as an ROS inducer, reduced the
growth of the seedling roots more in the mutants
than in the wild type (Fig. 8A). The effect of H2O2 was
also more pronounced in atosa1-1 leaves compared to
the wild-type leaves. Indeed, after spraying leaves of
wild-type andmutant plants with 300 mMH2O2 in 0.2%
(v/v) Tween 20, we observed a rapid appearance of
necrotic spots in the mutant, already 1 d after spraying
(Fig. 8, B and C). In contrast, only a very few or no
spots were found in the wild-type plants 4 d after
spraying with H2O2 (Fig. 8B). No necrotic spots were
detected when both the wild type and AtOSA1
T-DNA-inserted mutant were sprayed with 0.2%
(v/v) Tween 20 only (data not shown).
Figure 7. SOD activity and AtOSA1 expression. A,
Comparison of the total SOD activities between
Arabidopsis wild-type Col-0 (WT) and atosa1-1 under
normal growth conditions (2) and after treatment with
1 mM CdCl2 (1; n 5 4). B, Measurement of SOD
activity in intact chloroplasts obtained from wild-type
Col-0 (WT) and the AtOSA1 T-DNA-inserted mutant
(atosa1-1) treated (1) or not (2) with 1 mM CdCl2 (n5
4; mean 6 SE; t test: *, P 5 0.1; **, P 5 0.05; ***, P 5
0.01). C, Analyses of the expression of AtOSA1,
AtAPX1, AtFSD1, and AtFSD2 in wild-type Col-0
(WT) and atosa1-1 by RT-PCR in the absence (2) or
presence (1) of 1 mM CdCl2 under light superior to 100
mmol m22 s21. AtS16 was used as control (30 cycles).
Jasinski et al.
724 Plant Physiol. Vol. 147, 2008
 AtOSA� responds to cadmium, o��idative stress and light 72
The Effect of Light on AtOSA1 T-DNA-Inserted Mutants
Light has a complex effect on AtOSA1 mutants
depending on light intensities. At a low light regime
(50 mmol m22 s21) for 8 h during 4 weeks, the shoot
growth of atosa1-1 and atosa1-2 was significantly al-
tered compared to the wild type (Fig. 9, A and B). After
an additional 4 weeks of growth in the same experi-
mental conditions, leaf sizes were still different, and
based on fresh weight, chlorophyll a (Chla), chloro-
phyll b (Chlb), and carotenoid contents were higher in
the mutants compared to the wild type (Fig. 9, C and
D). Under a light regime of 120 to 150 mmol m22 s21 for
8 and 16 h, no visible phenotypes were found in the
AtOSA1mutants. Surprisingly, under 16 h of high light
(350 mmol m22 s21), atosa1-1 exhibited a pale-green
phenotype (Fig. 9E). In this case, the analyses of
pigments showed slightly less chlorophyll and carot-
enoids in atosa1-1 compared to the wild type (Fig. 9F).
Analysis of photosynthetic activities in terms of net
CO2 assimilation rate also revealed differences between
Atosa1 mutants and the wild type depending on the
light intensities. Under higher light intensities, mutants
were more affected than the wild type (Fig. 10A). In-
creasing light intensities from 50 to 150 mmol m22 s21
led to a reduction of AtOSA1, AtAPX1, AtFSD1, and
AtFSD2 transcript levels in wild-type plants. A similar
reduction of AtAPX1, AtFSD1, and AtFSD2 could be
observed in the atosa1-1 mutant, but this effect was
visible only under higher light intensities (Fig. 10B).
No significant differences were found by the electron
microscopic analysis in chloroplast structures (stroma
lamellae, grana stacks, and envelope membranes) be-
tween the atosa1-1 and wild type. In addition, the
inductively coupled plasma mass spectrometry data
showed that the content in essential metals and heavy
metals was not changed by the AtOSA1 T-DNA inser-
tion (data not shown).
Because possible connections between Abc1 proteins,
electron transport, and ubiquinone (plastoquinone and
phylloquinone) synthesis have been postulated (Poon
et al., 2000), we performed analysis of electron transport
in AtOSA1 mutants. The kinetic measurements of
Chla fluorescence probing the redox state of the pri-
mary quinone acceptor of PSII and 820 nm transmission
probing the redox state of mainly plastocyanin and
P700 (reaction center chlorophylls of PSI) revealed no
differences between atosa1-1 and thewild type (data not
shown). This indicates that the electron transport func-
tioned well in atosa1-1 and that the number of oxidized
electron acceptors per chain at the beginning of the
measurement was similar to the wild type at ‘‘stan-
dard’’ light regime (120 mmol m22 s21).
Detection of Protein Kinase Activities in Gelo
In addition to the Abc1 protein family, AtOSA1 con-
tains motifs found in eukaryotic-type protein kinases.
Therefore, we decided to examine protein kinase activ-
ities in the AtOSA1 mutant by in gelo phosphorylation
Figure 8. Effect of oxidative stress.
A, After treatment with 1 mM H2O2
on agar plates, root length of 8-d-old
seedlings was measured (10 , n ,
20, representative results from four
independent experiments; mean 6
SE; t test: *, P 5 0.1; **, P 5 0.05;
***, P 5 0.01). B, Five-week-old
Col-0 (WT) and atosa1-1 plants
were sprayed with 300 mM H2O2
and 0.2% (v/v) Tween 20 at day 0.
Plants were photographed at days 0,
1, and 4 following the treatment. C,
Magnification of atosa1 leaves 4 d
after treatment with H2O2.
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assays using myelin basic protein as a substrate.
Because we localized AtOSA1 in chloroplasts and the
proteomic analysis identified AtOSA1 in the envelope
fraction (Froehlich et al., 2003), we isolated and used
this fraction for the assay. In-gel protein kinase assay
allowed us to detect one chloroplast envelope protein
kinase of about 70 kD in the Columbia (Col-0) ecotype
of Arabidopsis (Fig. 11A). Interestingly, this labeled
band was not present in the envelope membranes
isolated from theAtOSA1 T-DNA-inserted plants. This
might indicate that the AtOSA1 mutant lacks this pro-
tein kinase. The labeled bands with a similar Mr were
not detected in thylakoid membranes, and a more
complex phosphorylation pattern, which, however, did
not show the absence of a labeled band, was obtained
with Histone III-S as a substrate (data not shown). The
envelope protein profile after Coomassie Blue staining
of the SDS gel did not show marked differences be-
tween the mutant and the wild type (Fig. 11B).
DISCUSSION
We performed microarray chip analyses to identify
genes up- and down-regulated in response to cad-
mium stress. Among the genes exhibiting an altered
transcript level in response to Cd21, we identified
AtOSA1 (At5g64940) as a member of the Abc1 family.
In Arabidopsis, 17 genes contain a typical Abc1 mo-
tif and hence constitute a small gene family. The
sole Abc1 representative described so far in plants
(At4g01660) is a homolog to the yeast ABC1 (Cardazzo
et al., 1998). Both are localized in mitochondria
(Bousquet et al., 1991; Cardazzo et al., 1998), in con-
trast to AtOSA1, which is targeted to the chloroplast
and does not subcluster with them. AtOSA1 transcript
level followed a complex kinetics in response to Cd21
during dose-dependent and time-course experiments.
In the absence of cadmium treatment, its expression in
leaves increased during the life of Arabidopsis, and it
has been reported that plant aging increases oxidative
stress in chloroplasts (Munne-Bosch and Alegre, 2002).
Two independent T-DNA insertion mutants, lacking
functional AtOSA1, exhibited a complex behavior to-
ward cadmium. Indeed, the seedling roots of AtOSA1
deletion mutants were less affected by Cd21 than those
of the wild-type plants, possibly due to a reduced Cd21
uptake.
The increased cadmium tolerance of wild type com-
pared to atosa1mutants is very likely not supported by
the direct binding of cadmium to AtOSA1. Indeed,
AtOSA1 lacks of sequence motifs containing cysteins,
involved in the binding of heavy metal ions (Zn21,
Cd21, Pb21, Co21, Cu21, Ag1, or Cu1), like CXXC and
CPC. Such motifs have been found, for example, in
members of the subclass of heavy metal-transporting
P-type ATPases (P1B-type ATPases; Eren and Argu¨ello,
2004). In addition, AtOSA1 is likely not a heavy metal
(cadmium) transporter, because vesicles isolated from
YMK2 yeast (Klein et al., 2002) transformed with
AtOSA1 did not show any cadmium transport (data
not shown).
Figure 9. Effects of light on pigments
and shoot growth of atosa1-1 and
atosa1-2. Plants were grown at 8 h
light (50 mmol m22 s21) for 4 weeks
(A) or 8 weeks (C). B, Shoot weight of
4-week-old plants (n 5 10). D, Con-
tents of Chla and Chlb and carot-
enoids of 8-week-old plants (n 5 10).
E, Plants grown at 16 h light (350
mmol m22 s21) for 5 weeks. F, Con-
tents of Chla and Chlb and carot-
enoids in plants depicted in E (n 5 10;
mean 6 SE; t test: *, P 5 0.1; **, P 5
0.05; ***, P 5 0.01).
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The pale phenotype of leaves was more pronounced
in the case of mutant plants exposed even to a low
dose of Cd21 despite the fact that lack of AtOSA1
results in lower Cd21 uptake rates in shoots. Such a
chlorotic phenotype of leaves was not correlated with
an elevated accumulation of cadmium and was also
observed under high light conditions. This pale phe-
notype might be a consequence of Cd21 toxic effect
due to a modification of the cellular cadmium distri-
bution (Ranieri et al., 2001) and an increased Cd21
sensitivity related to an increased production of ROS
in the AtOSA1mutants, similarly to those described in
Euglena gracilis (Watanabe and Suzuki, 2002) or yeast
(Brennan and Schiestl, 1996).
Although the mechanism of oxidative stress induc-
tion by Cd21 is still obscure, Cd21 can inhibit electron
transfer and induces ROS formation (Wang et al.,
2004). It has been also suggested that Cd21 can inter-
fere in living cells with cellular redox reactions and
displaces or releases other active metal ions (e.g. Zn21)
from various biological complexes, thereby causing a
reduction of the capacity of the antioxidant system
(Jonak et al., 2004).
Besides cadmium, the AtOSA1 T-DNA-inserted mu-
tants actually showed a phenotype illustrated by a
reduced tolerance to H2O2 and light. At 150 mmol m
22
s21, we observed the same transpiration rate for wild
type, atosa1-1, and atosa1-2. Nevertheless, stomatal
conductance and CO2 assimilation were higher in
wild type than in mutants (data not shown). This
observation suggests that, at this light intensity (150
mmol m22s21), transpiration occurs not only at the
stomatal level but also directly through the epidermis.
This hypothesis is supported by the experiments
showing increased sensitivity of atosa1 toward H2O2
(Fig. 8B). Indeed, it is still possible that the AtOSA1
mutation also affects the epidermal cell wall and the
cuticule. At low light intensity and period, atosa1
exhibited retardation in growth correlated with an
increase in pigment production (Chla, Chlb, and ca-
rotenoids). Under higher light intensity and period, a
pale-green phenotype correlated with a decrease in
pigment contents when compared with the wild type.
In addition, changes of light intensities influenced
photosynthetic activities. These data suggest partici-
pation of the chloroplast AtOSA1 in light-generated
stress (ROS) and pigment response.
Obtained results suggest that AtOSA1mutants have
a hypersensitivity to broad abiotic stresses, including
photooxidative stress. RT-PCR analyses in atosa1
plants showed different behavior for transcripts of
genes responding to oxidative stress. For instance, it
was shown that AtFSD1 transcript in Arabidopsis is
high at 60 mmol m22 s21 and then down-regulated
under increasing light fluences (Kliebenstein et al.,
1998). A similar tendency could be observed for atosa1
but under higher light intensity. The lack of AtOSA1
caused a global shift under increasing light conditions.
Figure 10. Effect of light intensity on gas exchange and expression of
oxidative stress-related genes. Analyses of CO2 assimilation rate (A) of
Col-0 (WT), atosa1-1, and atosa1-2. Measurements were performed in
plants grown at 8 h light at a photosynthetic photon flux density of
50, 100, or 150 mmol m22 s21 (n5 10; mean6 SE; t test: *, P5 0.1; **,
P 5 0.05; ***, P 5 0.01). B, RT-PCR expression analysis of AtS16
(housekeeping gene), AtOSA1, AtAPX1, AtFSD1, and AtFSD2 in
plants used for the determination of gas exchange measurements (A;
28 cycles).
Figure 11. Protein kinase activity. A, Detection of protein kinase
activity in chloroplast envelope membranes isolated from leaves of
wild type and atosa1-1. The arrow indicates the position of the
phosphorylated myelin basic protein at around 70 kD in the wild
type. B, Coomassie Blue staining of the gel shown in A. For details, see
‘‘Materials and Methods.’’
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This might indicate necessity to compensate increased
oxidative stress level in the mutant by the expression
of components of the antioxidant network likeAtAPX1
and AtFSD1 and permanent SOD activities (Ball et al.,
2004). Interestingly, the increased SOD activity detected
in the isolated chloroplasts was not enhanced by Cd21
treatments, thereby confirming the data reported by
Fornazier et al. (2002) showing that the Cd21 treatment
did not enhance SOD activities, possibly by displacing
Fe21, Zn21, or Cu21 required for the SOD activity. Most
presumably, these results indicate that AtOSA1 deletion
mutants permanently suffer from oxidative stress and
compensate it to a certain level under controlled growth
conditions; however, these plants are apparently not
able to do it when environmental parameters like ROS
inducers, light regime, or nutrient supply vary.
AtOSA1 is probably not directly induced by external
oxidative stress but acts in a more complex manner, for
example, as a part of a signal transduction pathway
related to oxidative stress. Indeed, the Abc1 family has
been described as a family of putative kinases (Leonard
et al., 1998), and it is possible that AtOSA1 exhibits
protein kinase activity, because the predicted molecular
mass of mature AtOSA1 (83 kD) is close to the phos-
phorylated polypeptide detected in the autoradi-
ography (approximately 70 kD) after in-gel assay. The
phosphorylated polypeptide is not present in the enve-
lope membranes derived from AtOSA1 mutant. Nev-
ertheless, we cannot exclude that the protein kinase
detected within the gel matrix is a member of a signal
transduction cascade, which is not active in theAtOSA1
mutant. Further studies are required to elucidate the
role of this protein kinase within the chloroplast.
Based on the phylogenetic tree, cell localization, and
involvement in oxidative stress response, AtOSA1 is
rather not a functional homolog of the yeast ABC1 and
At4g01660 (Cardazzo et al., 1998). As a chloroplast
protein, AtOSA1 is more closely related to prokaryotic
Abc1 proteins from cyanobacteria like Synechocystis or
Nostoc than to those of mitochondria. These ABC1
proteins have not been characterized so far. Therefore,
our data are in agreement with the studies on evolu-
tionary relations between different Abc1 proteins,
which led to the conclusion that Abc1 proteins from
cyanobacteria and chloroplasts, on the one hand, and
from mitochondria on the other have independent
origins (Leonard et al., 1998). To date, it has been
suggested that Abc1 proteins control the biogenesis
of respiratory complexes in mitochondria. The yeast
ABC1 knockout mutants are unable to grow on glyc-
erol, making the exact molecular functions of these
proteins still a matter of debate (Do et al., 2001).
In Arabidopsis, AtOSA1 (At5g64940) clusters to-
gether with Abc1-like gene At3g07700. Interestingly, a
homolog of this gene in B. juncea is also cadmium
regulated and possibly localized in the chloroplast
(Fusco et al., 2005). Concerning the other Abc1 sequence-
related genes in Arabidopsis, four of them (At5g5200,
At4g31390, At1g79600, and At1g71810) have been re-
cently found to be localized in plastoglobules in a
proteomic study and are possibly involved in the reg-
ulation of quinine monooxygenases (Ytterberg et al.,
2006). As illustrated by the pleiotropic effect and per-
manent oxidative stress caused by deletion of AtOSA1,
despite the fact that our knowledge about Abc1-related
proteins is still scarce, our results indicate this gene
family triggers essential regulatory functions.
MATERIALS AND METHODS
cDNA Microarrays
The mRNAs were isolated as described at http://www.unil/ibpv. Fluo-
rescent labeling of cDNAs, hybridization on homemade DNA microarray
slides spotted with ESTs and 3# end coding sequences (corresponding to
putative ABC transporter proteins [124 of 127] and other protein families), and
fluorescence analyses (Scanarray 4000) were performed as described by Bovet
et al. (2005).
Semiquantitative PCR
For semiquantitative RT-PCR, the housekeeping genes AtACT2 (actin;
At3g18780) and AtS16 (At5g18380) were amplified using the primers actin2-S
(5#-TGGAATCCACGAGACAACCTA-3#) and actin2-AS (5#-TTCTGTGAAC-
GATTCCTGGAC-3#) and S16-S (GGCGACTCAACCAGCTACTGA) and S16-AS
(CGGTAACTCTTCTGGTAACGA), respectively. For the ascorbate peroxidase
1 (AtAPX1) gene (At1g07890), Fe-SOD 1 (AtFSD1) gene (At4g25100), and Fe-SOD
2 (AtFSD2) gene (At5g51100), we designed the following primers: APX1-S
(5#-GCATGGACATCAAACCCTCTA-3#) and APX1-AS (5#-TTAAGCATCAGC-
AAACCCAAG-3#); FSD1-S (5#-GGAGGAAAACCATCAGGAGAG-3#) and
FSD1-AS (5#-TCCCAGACATCAATGGTAAGC-3#); and FSD2-S (5#-CCACTCC-
CTCGTCTCTCTTG-3#) and FSD2-AS (5#-CCACCTCCAGGTTGGATAGA-3#).
The primers for AtOSA1 were AtOSA1-S (5#-GACAGGCAATCACAAG-
CATTC-3#) and AtOSA1-AS (5#-CGATTAGAACTTGGAGGCTGA-3#), respec-
tively. For the selection of the atosa1-1 T-DNA insertion homozygote lines (SALK
045739), the primers were: RP (5#-AACGCGTTGAAATGCCCTCTC-3#), LP
(5#-CTTGCTTCTTATCCATCGAGC-3#), and LB T-DNA (5#-GCGTGGACCGCTT-
GCTGCAACT-3#). For the selection of the atosa1-2 T-DNA insertion homozygote
lines (GABI 132G06), the primers were: RP (5#-TTTGTTGGAGGCATTTTA-
TGG-3#), LP (5#-GAATGCTTGTGATTGCCTGTC-3#), and LB T-DNA (5#-ATTTG-
GACGTGAATGTAGACA-3#). The primers for the verification of truncated
transcript were: 1-S (5#-AATCGCCGGGATCTTCTTAC-3#) and 1-AS (5#-TTGT-
CACTTCCTCCGTTTCC-3#), 2-S (5#-TTTGTTGGAGGCATTTTATGG-3#) and
2-AS (5#-AACGCGTTGAAATGCCCTCTC-3#), and 3-S (5#-GACAGGCAATCA-
CAAGCATTC-3#) and 3-AS (5#-CGATTAGAACTTGGAGGCTGA-3#). The PCR
reactions were performed in a final volume of 25 mL containing the following
mixture: PCR buffer, 0.2 mM dNTPs, 0.5 mM of both 5# and 3# primers, 1 unit Taq
DNA polymerase (Promega), and adjusted amounts of cDNA. DNAwas isolated
using NUCLOSPIN plant (Macherey-Nagel). Total RNA was purified from the
plants using the RNeasy Plant Mini kit (Qiagen) and stored at 280�C following
quantification by spectrophotometry. After DNAse treatment (DNase, RQ1,
RNase free, Promega), cDNAs were prepared using Moloney murine leukemia
virus reverse transcriptase, RNaseHminus, point mutant (Promega) as indicated
by themanufacturer and stored at220�C. cDNAswere diluted approximately 10
times for the PCR reaction. After denaturation at 95�C for 3 min, 35 PCR cycles
(94�C for 45 s, 58�C for 45 s, and 72�C for 1 min) were run.
Complementation of Yeast
For complementation of W303-1A abc1THIS3 (Hsieh et al., 2004) deficient in
the endogenous Abc1 gene, we used AtOSA1 sequence with the chloroplast
targeting presequence. Two constructs were tested with and without EYFP. The
construct with EYFP was obtained by recloning of AtOSA1-EYFP from pRT
vector into pNEV (Sauer and Stolz, 1994) via NOTI site. The construct without
YFP and with targeting presequence was obtained by PCR (5NOTAtOSA1-S,
5#-TGCTACCGGTGCGGCCGCATGGCGACTTCTTCTTCTTCATCG-3#; and
3#-NOTAtOSA1-AS, 5#-ATAAGAATGCGGCCGCTTAAGCTGTTCCAGTGATT-
AGTTTTTCC-3#) using pRT-AtOSA1-EYFP as a template. PCR product was
sequenced to avoid errors. Yeast transformation was performed using standard
Jasinski et al.
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protocols. Transformants were growing on the synthetic dextrose medium (2%
[w/v] Glc, 0.7% [w/v] yeast nitrogen base, and required amino acids) with Glc or
glycerol as a source of carbon. Cells were analyzed by confocal laser scanning
microscopy (TCS SP2 Leica).
Localization of AtOSA1
The AtOSA1 cDNAwas PCR amplified (AtOSA1-S, 5#-TGCTACCGGTGCG-
GCCGCATGGCGACTTCTTCTTCTTCATCG-3#; and AtOSA1-AS, 5#-TCGTC-
CATGGAAGCTGTTCCAGTGATTAGTTTTTCC-3#) to introduce appropriate
restriction sites and cloned into AgeI/NcoI from vector pEYFP (BD Biosciences)
to fuse it with EYFP. We used cDNA prepared as described above as a template
for the PCR. The resulting AtOSA1-EYFP was cut off by NotI and cloned into
vector pRT (U¨berlacker and Werr, 1996), resulting in pRT-AtOSA1-EYFP. The
entire gene fusion product was sequenced to verify the absence of PCR errors.
The Tic110-GFP construct was kindly provided by F. Kessler, University of
Neuchatel.
Arabidopsis (Arabidopsis thaliana) suspension cell cultures were grown as
described in Millar et al. (2001). Three days after culture dilution, the cells
were transferred onto solid medium, and 48 h later the plants were transfected
with appropriate constructs using a particle inflow gun (PDS1000He; Bio-Rad)
with 0.6-mmparticles and 1,300 psi pressure. The transfected Arabidopsis cells
were analyzed by confocal laser scanning microscopy (TCS SP2 Leica) 24 and
48 h after bombardment.
Chloroplast and Envelope Membrane Preparation
First, the mesophyll protoplasts were prepared from leaves according to
the protocol described in Cosio et al. (2004) and subsequently, the intact
chloroplasts were obtained according to the method of Fitzpatrick and
Keegstra (2001). The collected protoplast pellet was resuspended briefly in
300 mM sorbitol, 20 mM Tricine-KOH, pH 8.4, 10 mM EDTA, 10 mM NaHCO3,
0.1% (w/v) bovine serum albumin, and forced twice through 20- and 11-mm
nylonmesh. Released chloroplasts were immediately purified on an 85%/45%
(v/v) Percoll gradient and collected by centrifugation at 250g. The chloroplast
envelope membranes were isolated from purified chloroplasts as described by
Froehlich et al. (2003).
Plant Growth
Arabidopsis (Col-0) called above wild-type and AtOSA1 T-DNA-inserted
mutant (SALK 045739, GABI 132G06) plants were grown on soil in a growth
chamber (8-h-light period, 22�C; 16-h-dark period, 21�C; 70% relative humidity)
and at a light intensity of 140 to 160 mmol m22 s21.
For sterile growth after sterilization, the seeds (approximately 20) were
placed on 0.8% (w/v) agar plates containing one-half-strength Murashige and
Skoog (MS; Duchefa) or MAMI and 1% (w/v) Suc. MAMImedium is: KH2PO4
(200 mg/L); MgSO4.7H2O (187.5 mg/L); Ca(NO3).4H2O (79.25 mg/L); KNO3
(22 mg/L); Fe-EDDHA sequestren (17.5 mg/L); MnCl2.4H2O (48.75 mg/L);
H3BO3 (76.25 mg/L); ZnSO4.7H2O (12.25 mg/L); CuSO4.5H2O (6.875 mg/L);
NaNoO4.2H2O (12.5 mg/L); and Ni(NO3)2.6H2O (3.75 mg/L). The plates were
stored at 4�C for 24 h for synchronization of seed germination and then placed
vertically in the phytotron (25�C, 16 h light, and 70% humidity) at light
intensity of 80 to 120 mmol m22 s21. For treatments, seeds were germinated
and grown vertically on one-half-strength MS bactoagar plates in the presence
or absence of 1, 10, or 20 mM CdCl2 or 1 mM H2O2 at 16 h light for 7 d.
Hydroponic culture: Seeds were first germinated and grown vertically on one-
half-strength MAMI bactoagar plates at 8 h light for 2 weeks. Seedlings were
then transferred in one-half-strength MAMI liquid medium under the same
growth conditions for 2 weeks. Plants were finally cultivated for an additional
3 weeks in the presence or absence of 0.2, 0.5, or 1 mM CdCl2 in one-half-
strength MAMI. Cadmium was desorbed after 10 min of root incubation in
1 mM CaCl2 cold solution. The cadmium content was determined by atomic
absorption spectroscopy (AAS) in shoots and roots.
Plant Labeling
The plants were root labeled with 0.04 MBq 109CdCl2 in one-eighth-
strength MAMI for 4 h. After washing with cold distilled water, plants were
grown in one-half-strength MS for an additional 3 d, dried, and subjected to
autoradiography.
Determination of SOD Activity
For the SOD activity measurements without any treatment, we used
4-week-old plants grown on soil. For measurement following a Cd21 applica-
tion, plants were germinated on 0.8% (w/v) agar plates containing one-half-
strengthMS (Duchefa) and 1% (w/v) Suc. The plates were stored at 4�C for 16 h
for synchronization of seed germination, then placed vertically in the phytotron
(22�C, 8 h light, and 70% humidity). Two-week-old seedlings were transferred
to liquid medium and cultivated under hydroponic conditions for 3 weeks on
MAMI medium. CdCl2 was added to the medium to a final concentration of
1 mM and the samples were taken 24 h later. The activity of SODwas measured
as described by Hacisalihoglu et al. (2003). Leaves were homogenized briefly
with 50 mM HEPES buffer, pH 7.6, containing 0.1 mM Na2EDTA, 1 mm
phenylmethylsulfonyl fluoride, 1% (w/v) PEG4000, and 1% (w/v) polyvinyl-
polypyrrolidone (Sigma) and centrifuged at 14,000 rpm for 10 min at 4�C. The
supernatant was desalted on a Biospin column P6 (Bio-Rad) according to the
supplier’s protocol and used for protein and SOD assays. The assay determines
the inhibition of the photochemical reduction of nitroblue tetrazolium (NBT) as
described by Giannopolitis and Ries (1977). The 1-mL reaction mixture for the
SOD assay contained 50 mM HEPES, pH 7.6, 0.1 mM EDTA, 50 mM Na2CO3, pH
10.4, 13mMMet, 75mMNBT, 0.5mL of enzyme extract, and 2 mM riboflavin. The
reaction mixtures were illuminated for 15 min at 250 mmol m22 s21 light
intensity or kept in the dark (negative control). One unit of SOD activity was
defined as the amount of enzyme required to cause 50% inhibition of the
reduction of NBT measured at 560 nm. Protein content was determined
according to Bradford (1976) using bovine serum albumin as a standard.
Gas Exchange
Photosynthetic gas exchange measurements were performed on attached
leaves before plants flowered using an open infrared gas analyzer system
(CIRAS-1; PP-Systems). Measurements were made on plants grown at 8 h
light at a photosynthetic photon flux density of 50, 100, or 150 mmol m22 s21,
and CO2 concentration of 350 mmol. Leaf temperature was adjusted to the
desired level using the internal heating/cooling system of the analyzer.
Detection of Protein Kinase Activity in Gelo
The method for detecting protein kinases in gelo was adapted from Mori
and Muto (1997). Chloroplast envelope membranes were isolated from wild
type and the AtOSA1mutant and separated by SDS-PAGE. In this experiment,
350 mg of myelin basic protein (M1891; Sigma) was used as protein kinase
substrate and incorporated in the running gel solution before polymerization.
After electrophoresis, polypeptides were renaturated for 12 h in 50 mM MOPS-
KOH, pH 7.6, changing the buffer four times during this period. The gel was
then labeledwith 1.6MBq [g-32P]ATP (AA0068; Amersham-Bioscience) in 5mL
of 50 mM MOPS-KOH, pH 7.6, 10 mM MgCl2, 0.5 mM CaCl2 for 3 h following a
45-min preincubation in the same buffer without the labeled ATP. The gel was
then rapidly washed with deionized water and incubated in 100 mL of 50 mM
MOPS-KOH, pH 7.6, containing 10 g of a strong basic anion exchanger
(Amberlit IRA-410; Sigma) for 3 h. The removal of unbound 32P was terminated
by incubation of the gel in 50 mM MOPS-KOH, pH 7.6, supplemented with 1%
(w/v) sodium pyrophosphate for 3 h. The polypeptides were then fixed in the
gel in 10% (v/v) 2-propanol, 5% (v/v) acetic acid, and 1% (w/v) sodium
pyrophosphate. The gel was finally dried and subjected to autoradiography.
Pigment Analyses
The plants were grown at 8 h light (50 mmol m22 s21) for 8 weeks. From
these plants, leaf samples (50 mg) were collected and analyzed for the content
of Chla and Chlb, as well as carotenoids (n 5 10). Plants were grown at 16 h
light (350 mmol m22 s21) for 5 weeks. From these plants, leaf samples (50 mg)
were collected and analyzed for the content of Chla and Chlb, as well as carot-
enoids. Pigments were measured using the method described by Pruzinska
et al. (2005).
Statistics
Each value represents the mean of n replicates. Error bars represent SE.
Significant differences from wild type as determined by Student’s t test are
indicated as follows: *, P , 0.1; **, P , 0.05; and ***, P , 0.001, respectively.
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Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. Alignment of predicted Abc1 proteins related to
AtOSA1.
Supplemental Figure S2. AtOSA1 T-DNA insertion mutants.
Supplemental Figure S3. Verification of a truncated transcript in atosa1
mutants.
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Supplementary material: 
Figure 1 
Alignment of predicted Abc1 proteins related to AtOSA1: Arabidopsis, AtOSA1 
(NP_20�299), Oryza, (Os02g0575500), Oryza, (Os09g0250700), Nostoc NP_488555 Nos 
(NP_488555), Synechocystis, P73627 Syn (P73627), Arabidopsis, ABC1 A.th. (CAA16542), and 
Saccharomyces cerevisiae, ABC1 S. cerev. (CAA41759). Conserved amino acids within the 
Abc1 domain are indicated with an asterisk. Chloroplast targeting pre-sequences within AtOSA� 
proteins as predicted with TargetP are presented in bold. Putative trans-membrane spans are presented 
in bold italic. The Abc1 region is underlined in AtOSA1. 
Figure 2 
AtOSA1 T-DNA insertion mutants. (A) Schematic representation of the T-DNA insertion sites in 
atosa1-1 (SALK 045739) and atosa1-2 (GABI 132G06). For PCR screening of homozygote lines, 
combinations of DNAg left and right border primers and a T-DNA left border primer were used. 
Figure 3 
Verification of a truncated transcript in atosa1-1 (SALK 045739) and atosa1-2 (GABI 132G06). We 
have designed 3 sets of primers in different position of the transcript. A transcript could be only 
detected with primers 1 (close to the 5’ end).
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SUMMARY
Cadmium is widespread in the environment and one of the major pollutants. It is generally believed that 
cadmium enters the cell and is distributed within the plant by transporters for other divalent cations which are 
essential micronutrients such as iron and zinc. A microchip analysis revealed that AtATH12/AtABCB29, a half-
size ABC transporter was upregulated by cadmium. In order to demonstrate that AtATH12 is indeed involved 
in cadmium transport, we expressed AtATH12 in a cadmium sensitive yeast strain. AtATH12 could partially 
complement the cadmium sensitive phenotype when e��pressed without the targeting sequence. Determination 
of metal contents in yeasts cells expressing AtATH12 revealed that they accumulated significantly less Cd and 
Fe compared to the empty vector control. The role of AtATH12 in iron homeostasis was further confirmed 
by using the yeast Δfet3 mutant, which is impaired in iron uptake. Expression of AtATH12 resulted in an 
impaired growth, suggesting that AtATH12 exports iron from the cell. 
At the plant level we localized AtATH12 to the plastids and showed that atath12 T-DNA insertion mutants 
were more affected than wild-type plants by Cd2+. When grown hydroponicaly in the presence of cadmium, 
the atath12 mutant exhibited a more pronounced chlorotic phenotype compared to the wild type. A similar 
difference was observed for plants grown under Fe-deficiency. The observation that atath12 plants contain 
more ferritin, a plastidic iron-binding protein, that wild-type plants, indicates that iron homeostasis is affected 
in mutant plants. Taken together, our results suggest that AtATH12 is an chloroplastic iron and cadmium 
e��porter.
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INTRODUCTION
Cadmium (Cd2+) is a highly toxic metal classified 
as human carcinogen by the International Agency 
for Research on Cancer (Waalkes, 2000). Cadmium 
is widespread in the environment and one of the 
major pollutants. Heavy metal contamination results 
essentially from human activities such as mining, 
industrial use of certain products and e��tensive 
use of agro-chemicals (Jensen and Brorasmussen, 
�992). Cd2+ appears to be a nonessential element, 
nevertheless it was shown to replace Zn2+ as cofactor 
in carbonic anhydrase from the diatom Thalassiosira 
weissflogii (Lane and Morel, 2000). It was proposed 
that its accumulation in leaves could play a role in 
the defence mechanism against herbivore attack (Jhee 
et al., 200). Despite this fact, in plants, e��cept for 
hyperaccumulating species like some ecotypes of 
Thlaspi caerulescens and Arabidopsis halleri (Plaza 
et al., 2007), Cd2+ accumulation leads to to��icity 
syndromes, arising from, among others, perturbation 
of essential metal homeostasis (Cu2+, Zn2+, Mn2+, and 
Fe2+), protein damage, inhibition of some enzyme 
activities and lipid peroxidation (Prasad, 1995; Smeets 
et al., 2008). To overcome this toxicity, plants have 
developed different mechanisms like chelation with 
metallothioneins and cystein containing peptides, 
e��clusion, compartimentation and sequestration 
in vacuoles as well as in cell wall (Clemens et al., 
2002).
Development of research programs in phytoremediation 
and biofortification has greatly contributed to increase 
our knowledge on processes of metal assimilation 
and homeostasis in plants. Particularly, molecular 
studies have identified several routes of Cd2+ uptake, 
translocation and sequestration and, evidence was 
presented that Cd2+ uptake is mediated by other 
cations transporters or channels. 
Ca2+, Zn2+ and Fe2+ transporters appear to be involved 
in Cd2+ translocation through the plasma membrane, 
and direct evidence for Cd2+ transport activity has 
been obtained for members of i) the ZIP family (ZRT, 
IRT-like Protein) such as IRT� and ZNT�, ii) Nramp 
(natural resistance-associated macrophage protein) e.g. 
Nramp3, iii) LCT1 (low-affinity cation transporter), iv) 
P-type heavy metal ATPase (Koren’kov et al., 2007) 
like HMA4, v) cation facilitator (CDF) and vi) Ca2+/H+ 
antiporter (CAX) (Clemens et al., 1998; Clemens et 
al., 2002; Korshunova et al., �999; Pence et al., 2000; 
Shigaki and Hirschi, 2000; Thomine et al., 2000). 
Cadmium transport by these proteins is therefore due 
to an overlapping selectivity of a nutritional element 
and cadmium. Since cadmium easily leads to to��icity 
syndroms, analysis of cadmium effect on transporters 
might help to identify new transporters for Fe2+, Zn2+ 
or Ca2+. There is growing evidence that Cd2+ transport 
and detoxification processes rely also on proteins 
belonging to the ABC (ATP Binding Cassette) 
transporter family. ABC proteins are involved in 
the active transport of a wide variety of substances, 
including ions, carbohydrates, lipids, xenobiotics, 
antibiotics, drugs and heavy metals (Higgins, 
�992; Rea et al., 1998). These proteins possess a     
characteristic modular organization consisting of one 
or two copies of two basic structural elements. The 
transmembrane domain (TMD), and the cytosolic part 
containing a Walker A, Walker B and the typical ABC 
domain. Distinctive domains and their arrangements 
is a base for classification of ABC transporters into 
different subfamilies (Crouzet et al., 2006; Garcia et 
al., 200�; Jasinski et al., 2003; Sugiyama et al., 200; 
Verrier et al., 2008).
A few ABC transporters from different subfamilies 
have been postulated to be involved in Cd2+ transport 
(Plaza and Bovet, 2008). Among them, the so 
called tonoplast glutathione S-conjugate transporter 
AtMRP3 partially restored cadmium tolerance in the 
cadmium sensitive yeast strain Δycf1 (yeast cadmium 
factor�) (Tommasini et al., 1998). For AtMRP6 it 
was shown, that the knock-out mutants are impaired 
in their growth in the presence of 1 μM Cd SO� when 
compared to wild type plants (Gaillard et al., 2008). 
However, the only MRP-like protein which was 
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directly shown to be implicated in cadmium transport 
is YCF1 of Saccharomyces cerevisae, which transports 
bis-gluthatinone-cadmium into the vacuole (Li et 
al., 1996). From the PDR subfamily of Arabidopsis 
only AtPDR8 was found to be involved in Cd2+ 
detoxification by extruding Cd2+ or Cd2+ conjugates 
from the cytosol (Kim et al., 2007).
The mitochondrial half-size ABC transporter 
AtATM3 was up-regulated in Arabidopsis roots after 
Cd2+ treatment, and its overe��pression conferred 
cadmium resistance of  this plant (Kim et al., 200). 
Interestingly this transporter is also implicated in the 
biogenesis and maturation of iron-sulphur clusters as 
well as in iron homeostasis (Kushnir et al., 200�). 
However, concerning chloroplasts metabolism, our 
knowledge about metal transport proteins in plastids 
is still scarce. To date, the only chloroplast proteins 
demonstrated to be involved in metal ion transport are 
the copper-transporting P-type, heavy-metal ATPases 
PAA1, PAA2, and HMA1 as well as the magnesium 
transport protein MRS2-11 (Abdel-Ghany et al., 2005; 
Drummond et al., 200; Seigneurin-Berny et al., 200; 
Shikanai et al., 2003). Furthermore, PIC1, which was �    
formerly described to be part of the protein import 
pathway of chloroplasts, has recently been suggested 
to act as an iron importer (Duy et al., 2007). 
Here we characterize AtATH12, a half-size ABC 
transporter of the ABCB family, which is localized 
in plastids of Arabidopsis thaliana. Transcript levels 
of AtATH12 were increased in response to cadmium 
treatment, and knock- out mutants in this gene were 
more affected by this heavy metal. Interestingly, 
this mutant is also more sensitive to iron deficiency. 
Heterologous expression in Saccharomyces cerevisiae 
indicated that AtATH12 is implicated in cadmium and 
iron e��port from the chloroplast. 
RESULTS
Analysis of AtATH12 transcript levels 
Identification of genes involved in Cd2+ transport is 
of major interest to enlarge our knowledge regarding 
modification and adaptation processes caused by 
to��ic elements such as Cd2+ in plants. Transcriptomic 
analyses have been performed using a sub-array 
spotted with a large number of different cDNA 
sequences, including all Arabidopsis ABC transporters 
in triplicate (Bovet et al., 2005). Analyses of two 
independent e��periments revealed that transcript 
levels of AtATH12 (At5g03910) were increased in the 
roots (AtATH12 = 2.36 +/-0.25; AtS16 = 1.03 +/- 0.15) 
after the treatment with 50 μM CdCl2 for 2� hours. 
Microarray data were confirmed by RT-PCR using the 
same mRNAs as a template (data not shown), and a 
similar effect was found with plants e��posed for 2� 
hours to 10 μM CdCl2   (Fig. �A). 
E��pression analysis showed that transcript of 
AtATH12 is present in all tissues but at different levels. 
The highest expression is observed in leaves, while 
in roots is low (Fig �B), this is in agreement with in 
silico meta-profile analyses of AtATH12 e��pression 
using Genevestigator V3 (www.genevestigator.ethz.
ch) (Zimmermann et al., 200�). 
AtACT 2
AtATH12
- + - +
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L R F St Si
AtACT 2
AtATH12
Fig 1
Fig. 1 AtATH12 gene expression in Arabidopsis.
(A) Semi quantitative RT-PCR of 3-week-old plants under 
hydroponic growth conditions after exposure to 10 μM CdCl2 
for 2� hours. (B) RT-PCR analysis of AtATH12 in plant organs, 
leaf (L), root (R), flower (F), stem (St) and silique (Si). 
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AtATH12 belongs to the ABC transporter family 
and is localized in the chloroplast 
The AtATH12 was firstly described as a half-size 
ABC transporter belonging to the ATH subfamily 
(Sanchez-Fernandez et al., 200�) which, according 
to a recently proposed new nomenclature, belongs 
now to the ABCB subfamily AtATH12/AtABC29 
(Verrier et al., 2008). The AtATH12 possesses 
a single transmembrane domain containing 6 
putative membrane-spanning α helices and a single 
nucleotide binding domain (NBD) with the Walker 
A, and B motifs and  the ABC signature (http://
aramemnon.botanik.uni-koeln.de).
Sequence analysis of the AtATH12 protein with 
TargetP (http://www.cbs.dtu.dk/services/TargetP/; 
(Emanuelsson et al., 2000)), a software used for 
theoretical predictions of protein localization, revealed 
the presence of a putative 51 amino acid N-terminal 
chloroplast targeting pre-sequence. To determine its 
sub cellular localization, AtATH12 was fused to EYFP 
at its C-terminus, and transiently e��pressed under the 
control of the CaMV 35S promoter in Arabidopsis 
protoplasts (Fig. 2). The signal was visualized by 
confocal microscopy. The observed localization (Fig 
2A) was identical with that obtained for PIC1-mRFP 
(Fig. 2B), an integral inner envelope membrane 
protein of the chloroplast import machinery (Duy 
et al., 2007). This localization confirms the in silico 
prediction and also the results of proteomic studies 
on the chloroplast envelope (Froehlich et al., 2003; 
Schwacke et al., 2004; Zybailov et al., 2008). 
Knock-out mutants of AtATH12 are more 
sensitive to Cd
Two independent homozygous T-DNA inserted mutants 
A CB
E
D FE
14.14 ȝm
Fig 2
Fig. 2 ATH12 is localised in the chloroplast membrane.
Confocal laser scanning microscopic analysis of an Arabidopsis protoplast transiently co-expressing AtATH12-EYFP (A) and PIC1-
RFP (B). The corresponding chlorophyll auto fluorescence C) and bright field image (D). Merged images A and B (with white-
yellow is coincident localisation) (E) and merged images A and C (F).
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in AtATH12 were identified and named atath12-1 
(SALK_052673) and atath12-2 (wiscDsLo�� �70c��). 
(Supplementary Fig.1). Since AtATH12 is localized 
in plastids, we firstly compared the photosynthetic 
activities of atath12 mutants and wild type plants. 
Measurements did not reveal differences in terms of net 
CO2 assimilation. Similarly, there were no differences 
of photosynthetic parameters between the wild type 
and atath12 for maximum quantum efficiency of 
PSII (Fv/Fm), PSII efficiency (ΦPS2), photochemical 
quenching (qP), non-photochemical quenching (qN) 
and the efficiency of PSII reaction center in the light 
(Fv’/Fm’) (Supplementary Fig.2). All together these    
data indicated that the lack of AtATH12 did not affect         
the photosynthetic processes. 
Because Cd2+ influenced the transcript level of 
AtATH12, we compared cadmium tolerance of the 
mutants with that of the respective wild-type plants. 
On agar plates, root growth of mutant seedlings in the 
presence of Cd2+ (40 and 60 μM) was significantly 
reduced when compared to the respective wild types 
(Fig. 3A). 
When grown hydroponically, leaves from four week-
old wild-type plants took up more cadmium than 
atath12-1 (73.4 ± 0.3 μg.g-� FW and 33.1 ± 2.7 μg.g-� 
FW, respectively (data not shown)). A similar tendency 
was observed on the autoradiogram obtained for four 
week-old plants e��posed to 0.0� MBq �09CdCl2 for 
4h (Fig. 3B). In contrast, no difference was observed 
for cadmium contents in roots, which consequently 
leads to a higher root to shoot ratio for cadmium in 
the mutant plants (Fig 3C). Surprisingly, despite the 
Fig. 3 Cadmium sensitivity of atath�2.
(A) The effect of Cd on root growth of atath12.1 and Col 0 (WT) in the absence (1/2 MS) or presence of 40 or 60 μM CdCl 2 . Root 
length was measured between two fixed time points (10<n<20). (B) Autoradiography of WT and atath12-1 plants root labelled with 
0.0� MBq �09CdCl2 in 1/8 MAMI for 4h. (C) Root to Shoot ratio of plants grown in the absence or presence of 0.5 μM CdCl2. (D) 
Plant phenotype after growth in the presence or absence of 0.5 μM CdCl 2 for 3 weeks and respective contents of chlorophyll a (Chl 
a) and b (Chl b) and carotenoids (Car) (n=��).
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fact that the mutant plants took up less cadmium, they 
showed a marked chlorotic phenotype when e��posed 
to 0.5 μM CdCl2 for 21 d (Fig. 3D). When grown 
under control conditions, chlorophyll a, chlorophyll 
b and carotenoid contents were slightly higher in 
the mutants compared to the wild type. However, 
after 21 d on 0.5 μM CdCl2 a pronounced reduction 
of  chlorophyll a and b content could be observed in 
atath12-1 (44.8%) but not in the corresponding wild-
type plants (Fig. 3D). A similar tendency, which, 
however, was not statistically significant could be 
observed for carotenoids (27.8%). 
Expression of AtATH12 in a Cd sensitive S. 
cerevisiae mutant
To investigate the role of AtATH12 in Cd2+ tolerance, 
we expressed heterologously AtATH12 in a Cd2+ 
sensitive yeast strain, YMK2, which lacks two 
vacuolar ABC transporters, YCF1 and BPT1 (Klein 
et al., 2002). These pumps play the major role 
in a vacuolar sequestration and detoxification of 
gluthatione complexes or conjugates formed with 
Cd2+ and many other to��ic compounds (Klein et al., 
2002; Sharma et al., 2002). To determine whether 
AtATH12 might influence the tolerance of the double 
mutant ∆ycf1-∆bpt1 to Cd2+, this yeast strain was 
complemented with two constructs: one containing 
the AtATH12 sequence including the chloroplast 
targeting presequence (pNev-TP-AtATH12) and one 
containing AtATH12 sequence (pNev-AtATH12) 
2
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Fig 4 Heterologous expression of ATH12 in Cd sensitive yeast strain. 
(A) Drop test of ten-fold serial dilutions of yeast strains: YMK2_pNEV (1), YMK2_TPAtATH12 (2), YMK2_AtATH12 (3). Cultures 
were dropped onto minimal medium lacking uracil, and supplemented or not with 30 or 60 µM CdCl2. Plates were incubated for 3 
d at 30°C. (B) Kinetic of yeast strains YMK2_pNEV, YMK2_TPAtATH12 and YMK2_AtATH12 grown in minimal liquid medium 
lacking uracil.(C) Determination of metals content by ICP-OAS in YMK2_pNEV and YMK2_AtATH12 grown in the presence 
of 20 μM CdCl2 . (D) AtATH12 localisation in YMK2_TPAtATH12_EYFP (A), the mitochondria were labelled with MitoTraker 
Orange (b), merged images a and b (with orange is coincident localisation) (c) and the corresponding bright field image (d).
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where the first 51 amino acids (corresponding to the 
putative transit peptide (TP)) were deleted. E��pression 
of AtATH12 without TP in YMK2 resulted in a 
partially restored resistance to Cd2+, when compared 
to the empty vector control (Fig. �A). In contrast, no 
difference in cadmium resistance between the empty 
vector and YMK2-TP-AtATH12 was observed.
This result was confirmed by performing growth 
assays in a liquid medium in the presence or absence 
of 100 µM CdCl2 (not shown). Surprisingly, when 
yeasts transformed with AtATH12 or with the empty 
vector were grown in liquid SD in the absence of 
cadmium, the strain expressing AtATH12 without 
the transit peptide grew slower compared to the 
empty vector control or the strain transformed with 
AtATH12 containing the transit peptide (Fig. 4B). 
Such a phenotype could be explained if AtATH12 
would recognize some related essential metals such 
as Fe or Zn and, and thus, AtATH12 expression in 
yeast would disturb their cytosolic contents and 
homeostasis. To verify this hypothesis, we determined 
the metal contents in YMK2-pNev and YMK2-
ATH12 yeasts grown in SD medium supplement 
with 20 μM CdCl2 (Fig �C). Our results showed that 
YMK2-ATH12 contained significantly less Fe and 
Cd compared to the empty vector control. The fact 
that the construct bearing the transit peptide did not 
exhibit a retarded growth could be explained when 
this construct is not e��pressed or when it is targeted 
to internal membranes. The latter localization would 
not or differentially affect the heavy metal content. 
To confirm the expression of the full length construct 
we produced a fusion protein of AtATH12 tagged at 
its C-terminus to EYFP. Yeast cells transformed with 
this construct exhibited the fluorescence typical for 
YFP which could be localized in the mitochondria 
(Fig 4D). Additionally yeast extracts were subjected 
to Western blot analysis using compatible anti-EYFP 
antibodies and confocal analyses (Fig 4D).
Expression of AtATH12 in Δfet3 S. cerevisiae affect 
growth  in Fe deficient condition
The results showing that yeast cells e��pressing 
AtATH12 without the transit peptide contain less iron 
(Fig. 4C) indicate that AtATH12 could act as an iron 
e��porter. We therefore decided to investigate in more 
detail this aspect using yeast mutants affected in iron 
transport. To do this, we expressed AtATH12 in the 
Δfet3 yeast strain. The high affinity uptake system 
Ftr1p is directly coupled to FET3, a multicopper 
ferroxidase responsible for the oxidation of Fe2+ 
(Askwith et al., 1994). Yeast deficicient in FET3 grow 
slowly under iron deficient conditions. 
The Δfet3 yeast mutant was transformed with pNev-
ATH12 (Δfet3-ATH12) and pNev-TP-ATH12 (Δfet3-
TP-ATH12). Cells were grown in 96-well plates in 
SD medium with low, normal or e��cess of ferrous 
iron (for details see materials and methods), and the 
growth was monitored by measurements of OD00. 
In all cases the growth rate of Δfet3-ATH12 yeasts 
was slower compared to that of yeasts transformed 
either with the TP-ATH12 or the empty vector (Fig. 
5). While under iron excess conditions Δfet3-ATH12 
cells reached the same OD00 after 20 h, these cells still 
had a slightly lower OD00 in SD medium even after 
20 h of growth (Fig. 5A and 5B). The most drastic 
effect was observed in the presence of ferrozine, 
which comple��es iron and reduces the iron content. 
In this case not only the growth kinetics was strongly 
reduced, but Δfet3-ATH12 yeast cells could by far not 
grow to a similar OD00 within 20 hours. Additionally, 
we investigated whether AtATH12 might be also 
implicated in iron e��port from yeast mitochondria. 
For that, pNev-TP-AtATH12 was expressed in the 
Δyfh1Δmrs3Δmrs4 (ΔΔΔ) yeast strain. Deletion of 
the yeast frata��in homolog (YFH1) combined with 
deletions of MRS3 and MRS4, two mitochondrial 
carrier proteins implicated in iron homeostasis, 
results in slow growth, probably due to a defective 
heme formation (Zhang et al., 2005). Also in this case 
the expression of AtATH12 led to a decreased growth 
rate (Supplementary Fig.3).
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Fig 5 Heterologus expression of the ATH12 in the Δfet3 yeast 
strain.
Yeast strains: Δfet3-pNEV, Δfet3-TP-AtATH12 and Δfet3-AtATH12 
were grown in 9-well plates containing SD medium (A), SD with 
e��cess of iron ferrous (B), and SD with low iron (ferrozine) (C). OD 
measurements were done each hour. 
AtATH12 T-DNA insertion mutants are affected 
by iron deficiency
Our results in yeast indicated that AtATH12 is 
implicated in iron e��port. To get further insights on 
the role of AtATH12 in Arabidopsis, we determined 
whether atath12 is more sensitive to iron deficiency 
than wild-type plants. Comparison of one-week-old 
seedlings grown on agar plates in the presence or 
absence of iron showed a significantly higher root 
growth for mutants in the absence of iron (Fig. 6A). 
Analyses of microchip data (www.genevestigator.
ethz.ch; Zimmermann et al., 200�) showed that 
AtATH12 is upregulated by iron deficiency and that 
its e��pression increases in time (Buckhout et al., 
2009). Interestingly, e��pression analysis of the iron 
storage proteins ferritin by Western blot revealed 
appro��imately two fold higher ferritin content in 
atath12 mutants compared to the respective WT 
when growth on 1/2 MS plates (Fig. 6B). It must be 
emphasised that one ferritin molecule can fix up to 
�000 Fe3+ atoms. Hence also small difference in ferritin 
content can have a strong effect either on availability 
of  iron or on total iron content in the chloroplast. 
When grown hydroponically 5-weeks-old mutant 
plants exhibited a marked chlorotic phenotype, which 
was much more pronounced compared to wild-type 
plants when submitted to an iron-free medium for one 
week (Fig. C). Interestingly, when grown in control 
medium, leaves of atath12-1 contained significantly 
less Fe compared to the wild-type. In contrast no 
difference in iron content could be found between 
the mutant and the wild type under iron deficient 
conditions (Fig.D).
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Fig. 6 Iron tolerance of atath�2.
(A) The effect of Fe deficiency on root growth of atath12.1, atath12-2 and the corresponding wilde type plants in the presence or                      
absence of iron (1/2 MS). Root length was measured between two fixed time points (10<n<20). (B) Western blot analyses of a       
ferritin accumulation in Col0, atath12-1, Col2, atath12-2 seeds and seedlings by using anti-FER1 serum. Coomassie brilliant blue 
staining is shown as a loading control. (C) Phenotype of 4 weeks old plants grown in a hydroponic condition and subjected for 7 
days iron deficiency. (D) Determination by ICP-OAS of Fe accumulation in leaves (n=4) of WT (Col 0) and atath12 -1 grown in the                     
presence or absence of iron.
DISCUSSION
Systematic inventories of the gene families in 
different plant species result in new approaches to 
elucidate the possible role of these genes in particular 
biological processes. The microarray approach to 
identify putative candidates from the ABC transporter 
family that might be involved in Cd detoxification 
exemplifies this (Bovet et al., 2005). A total number 
of 17 ABC genes, was found to be differentially 
regulated in Arabidopsis thaliana after Cd treatment. 
Among them, there were representatives of the full 
size ABC transporters e.g MRPs, PDR and so called 
half size ABC transporters including members of the 
ATM, WBC and ATH subfamilies (Rea, 2007). 
In this study we concentrated on AtATH12, expression 
of which was found to be upregulated by Cd, . 
Interestingly, by using the CATMA whole genome 
microarray Herbette et al. also found that AtATH12 
is upregulated by Cd2+ in roots (Herbette et al., 
2006). Upregulation of this gene was observed after 
exposition of plants to 50 μM CdSO� for 30 h. Shorter 
times of e��position and lower concentration did not 
influence the AtATH12. Additionally, Seigneurin-
Berny et al. (200) suggested that AtATH12 could be a 
gene coding for a metal transporter of the Arabidopsis 
chloroplast envelope. Our results confirmed that this      
gene might be implicated in Cd2+ tolerance since 
the knock-out mutants were more affected by Cd 
than the corresponding wild type plants resulting in 
significantly impaired root growth. In addition our 
data showed that transport of Cd2+ between roots and 
shoots was also altered.
In order to elucidate AtATH12 function in Cd   
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transport, we expressed AtATH12 heterologously in 
the Cd2+ sensitive yeast strains YMK2. Expression of 
AtATH12 without its predicted chloroplast targeting 
sequence resulted in an increased Cd tolerance. 
Since in yeast chloroplast proteins without targeting 
presequence are in general, at least partially, localized        
in the plasma membrane, it is likely that AtATH12 
participates in Cd resistance by exporting Cd from the 
yeast cells. This hypothesis was supported by metal 
ion content analysis which showed that AtATH12-
e��pressing yeast contained less Cd. In planta the 
reduced long distance transport of Cd could be due 
to the possibility that plants lacking AtATH12 cannot 
e��port Cd taken up in the root plastids resulting in a 
Cd accumulation in this organelle and hence in the 
root. Limited Cd transfer to the shoot may be therefore 
the reason for the impaired root growth of AtATH12 
in the presence of Cd.
Interestingly, despite the fact that leaves of the 
mutants contained less Cd, they were pale and 
had reduced chlorophyll content compared to the 
corresponding wild type. This pale phenotype might 
be explained, either by direct Cd2+ to��icity due to an 
altered cellular cadmium distribution or to an indirect 
nutrient deficiency (Ranieri et al., 2005). Cd has many 
secondary toxic effects, such as inhibition of electron 
transfer and production of reactive o��ygen species 
(ROS) (Wang et al., 2004). It has also been suggested 
that Cd2+ can interfere with cellular redo�� reactions, 
causing a reduction of the capacity of the antio��idant 
system (Jonak et al., 200�). Furthermore Cd increases 
the o��idative stress of plants, in particularly in the 
chloroplast by triggering many different stress-
responding factors like protein kinases, transcription 
factors and stress induced proteins (Jonak et al., 200�). 
It has also been shown that Cd can displace or release 
other metal ions acting as cofactors (e.g. Zn2+) leading 
to enzyme inactivation. The phenotype observed for 
AtATH12 knockout lines was directly related to Cd 
stress since no differences could be observed between 
WT and mutants in absence of Cd. This conclusion is 
further supported by determining the photochemical 
properties of mutants and wild type which did not 
show any differences when grown under control 
condition. 
Experiments with yeasts submitted to Cd stress, 
surprisingly gave an indication that in addition to 
Cd AtATH12 might be implicated in iron transport. 
To check this hypothesis, we expressed AtATH12 in 
yeast mutants affected in iron transport machinery. 
We used the single mutant Δfet3 which is impaired    
in the high affinity iron uptake system of the plasma 
membrane and the triple mutant Δfsh1Δmrs3Δmrs4� 
(ΔΔΔ) impaired in mitochondrial heme synthesis and 
iron transport. By expressing AtATH12 with the TP 
in ΔΔΔ or without the TP in Δfet3 we got evidence    
that AtATH12 is indeed implicated in iron transport. 
This was a new finding which prompted us to careful 
analysis of plant mutants under iron deficiency. We 
figured out that under this condition the atath12 mutant 
is more seriously affected possessing significantly 
higher roots growth in the absence of iron. In addition 
under normal growth condition mutant plants contain 
less iron than wild type. Elevated ferritin levels in 
atath12 mutant suggested that this plant permanently 
suffer from low levels of iron. 
Ferritins are plastid-located proteins, which serve 
as iron stores and control iron homeostasis. They 
prevent o��idative stress via sequestration of free iron 
which otherwise would produce to��ic free radicals    
in the Fenton reaction (Arosio et al., 2009; Briat and 
Lebrun, 1999; Ravet et al., 2009). This result gave us 
a direct indication that iron homeostasis is altered in 
the atath12 mutants. It is thus tempting to postulate 
that the observed ferritins accumulation is linked with 
iron e��cess within the chloroplast.
The total lower iron level in the mutants could be 
explained by an impaired transport of Fe from the 
root to the shoot due to iron accumulation in the 
root plastid as proposed for Cd. Alternatively we can 
not e��clude the e��istence of a retrograde signaling 
pathway located in plastid (Fernandez and Strand, 
2008) leading to reduced Fe uptake into the roots.
Experiments where 5 weeks old plants were transferred 
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to medium lacking iron revealed that atath12 exhibited 
a chlorotic phenotype earlier compared to wild-type 
plants. This difference was mostly pronounced in 
young, growing leaves. It could be hypothesized that 
atath12 mutants retranslocate iron less efficiently 
than wild-type plants. This hypothesis is supported by 
the observation showing in iron starved mutant plants 
that ferritin is still detectable although leaves started 
to be chlorotic(data not shown). 
AtATH12 was previously classified as a member of 
the ATH subfamily (Sanchez-Fernandez et al., 200�). 
According to the new phylogenetic analysis made by 
Verrier et al (2008), it is a member of the ABCB in LLP 
(lipid A like protein) subfamily known as AtABCB29 
, where it forms a clade together with the so called 
ATM and TAP proteins (Garcia et al., 200�; Verrier 
et al., 2008). For the so far studied ATMs, which 
all possess a mitochondrial targeting presequence, a 
common function has been proposed in very diverse 
eukaryotic cells. Interestingly, the prototypical 
protein from Saccharomyces cerevisiae known as 
ATM1 participates in the assembly of cytosolic Fe-S 
clusters and thereby possibly mediates the transport of 
such clusters from the mitochondrial matri�� into the 
cytosol (Kispal et al., �997; Kispal et al., �999). The 
Arabidopsis AtATM3 (alias STA1) has been localized 
in mitochondria in planta and complements the yeast 
atm1 mutant. When ectopically overe��pressed in yeast 
and plants, cadmium and lead tolerance is strongly 
increased (Kim et al., 2006). AtATH12 and ATMs 
sharing relatively low sequence homology (29 % of 
amino acid identity), therefore a similar function in 
different organelles is rather a matter of speculation. 
In plastids, the AtNAP�·AtNAP7·AtNAP  comple�� 
formed by these soluble ABC proteins, contributes to 
iron acquisition, Fe-S cluster assembly, or transfer of 
Fe-S clusters (Xu and Moller, 2004). Interestingly in 
silico analysis of the coe��pressed gene networks for    
Arabidopsis using ATTED-II (Obayashi    et al., 2009) 
indicates that AtNAP7 is coexpressed with AtATH12, 
supporting the assumption that AtATH12 is related to 
the iron network within the chloroplast. Additionally, 
our results do not exclude the possibility that AtATH12 
participates in the e��port of Fe-S clusters from the 
chloroplast to the cytosol, and future work need to 
be performed to elucidate the iron form which is 
transported by AtATH12. A BLAST search against the     
Human sequences database identified one AtATH12 
homolog (31% of amino acid identity) characterized 
as erythroid-e��pressed ABC-me protein  (ABCB�0) 
and supposed to mediate transport functions related 
to heme biosynthesis as well as to iron homeostasis 
(Shirihai et al., 2000). However ABC-me exhibited 
a higher homology to AtTAP2 (40 % of amino acid 
identity) than to AtATH12. AtATH12 shares also 
sequence homology with the Arabidopsis TAP proteins 
(27% of amino acid identity to AtTAP1 and 24 % to 
AtTAP2 respectively). Unfortunately plant TAP like 
ABC transporters have not been characterized in 
detail in Arabidopsis so far. AtTAP2 (alias AtALS1) 
was proposed to be involved in aluminum toxicity 
(Larsen et al., 2007), however the mode of action 
is still unknown. The AtTAP2 homolog in Hordeum 
vulgare HvIDI7 was implicated in iron transport across 
the tonoplast of barley root cells (Yamaguchi et al., 
2002). Published so far  data indicate that the clade 
formed by ATM, TAP and LLP could be related to the 
iron transport processes in mitochondria, chloroplasts 
and vacuoles.
In addition to photosynthesis, plastids fulfill different 
biosynthetic functions, such as sulfur assimilation, 
biosynthesis of aromatic amino acids or fatty acids. 
These require an active solute e��change across the 
outer and inner envelope surrounding the chloroplast. 
A large number of plastidic enzymes such as 
supero��ide dismutases, plastocyanin or ferredo��in 
relying on essential metal ions such as Fe, Cu and Zn 
are crucial for redo�� homeostasis. Metal transporters 
located in both membrane systems play a central role 
in controlling metal homeostasis in the chloroplast as 
well as in the whole plant cell. Despite there importance 
our knowledge about metal ion transport is still 
scarce. AtATH12 is a certainly a new factor playing 
a major role in the iron distribution and homeostasis. 
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As already shown for other metal transporters such as 
IRT� (Connolly et al., 2002) and Nramps (Rogers    et 
al., 2000). AtATH12 is not only specific for iron but         
also accepts Cd as the substrate and is consequently 
also part of the Cd detoxification network.
In conclusion, several components of iron uptake and 
release mechanisms have been recently described.  For 
instance FRO7 reduces Fe3+ to Fe 2+ which is likely 
to be transported into the chloroplast by PIC1. (Duy 
et al., 2007) In the chloroplast NAPs are a crucial 
elements for iron homeostasis but still their exact 
function is unknown. Furthermore, by their capacity 
to strongly bind iron ferritins are also involved in 
regulating the free iron concentration in the stroma. 
Our study  provides evidence that iron can be exported 
from the chloroplast and that AtATH12 However 
data presented in these papers suggested that the iron 
homeostasis network is much more comple�� and it 
is still necessary to identify new components of this 
pathway
EXPERIMENTAL PROCEDURES
Plant growth
Arabidopsis thaliana (ecotypes Columbia 0, Columbia 
2) wild-type plants and AtATH12 T-DNA inserted 
mutants (SALK-052673, WiscDsLox470C11) were 
grown on soil in a growth chamber (8-h light period, 
22°C; 16-h dark period, 21°C; relative humidity 70%) 
and at light intensity of 140-160 µmol m-2 s-� PAR. 
For sterile growth, after sterilization the seeds (20-
30) were placed on 0.8% agar plates containing 1/2 
MS (Duchefa) medium with or without 1% (w/v) 
sucrose. The plates were stored at 4°C for 48 h for           
synchronization of seed germination and subsequently, 
placed vertically in the phytotron (25°C, 16h light and 
70% humidity). For cadmium treatment seeds were 
germinated and grown vertically on 1/2 MS bactoagar 
plates in the presence or absence of 10, 20, 40 or 60 
µM CdCl2 at 16h light for 7 days. For iron deficiency 
condition seeds were germinated and grown vertically 
on 1/2 MS bactoagar plates containing 300 μM 
ferrozine (Serva).
Hydroponic cultures were set as follows: Seeds were 
firstly germinated and grown on sand at 8 h light for 2 
weeks watered with 1/2 MAMI liquid medium(KH2PO� 
(0.5 mM); MgSO�. (0.5 mM); Ca(NO  3)2 (0.75mM); 
KNO
3
 (2.5 mM); Fe-EDTA (30 μM); NH�Cl (0.5 
mM), MnSO� (25 μM); H3BO3 (75 µM); ZnSO�. (2.5 
µM); CuSO�. (2.5 µM); (NH�)Mo7O2� (0.75 µg/L). 
KCl (0.125 mM)). Subsequently seedlings were  
transferred into �/2 MAMI liquid medium under the 
same growth conditions for � or 2 weeks. Finally 
plants were cultivated for additional 3 weeks in the 
presence or absence of 0.5 or 1 μM CdCl2 in �/2 
MAMI. For iron deficiency assays, 5 week old plants 
were used. To desorb iron, plant roots were washed 
with a BPDS (bathophenanthrolinedisulfonic acid) (6 
μM) and Na2S2O� (114 μM) and then washed 3 times 
with water before transfer onto iron-deficient medium 
for �more week.
cDNA-microarrays
The microarray corresponds to that described in 
Bovet et al (Bovet et al., 2005). Briefly, mRNAs 
were isolated as described at http://www.unil/ibpv. 
Fluorescent labeling of cDNAs, hybridization on 
home-made DNA-microarray slides spotted with 
ESTs and 3’ ends of  coding sequences (corresponding 
to �2� out of �27 putative ABC transporter proteins 
and control genes), and the relative e��pression was 
detected by fluorescence analyses (Scanarray 4000). 
Isolation of T-DNA insertion lines and semi-
quantitative RT-PCR
For semi-quantitative RT-PCR, the housekeeping 
genes Actin2 and S16 were amplified 
using the following primers: actin2-S (5’-
TGGAATCCACGAGACAACCTA-3’), actin2-
AS (5’-TTCTGTGAACGATTCCTGGAC-3’) 
and S16-S: GGCGACTCAACCAGCTACTGA, 
S16-AS: CGGTAACTCTTCTGGTAACGA, 
respectively. The primers for AtATH12 were: 
AtATH12-S (5’-TTGCTGACAACATTGGGTACA-
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3’) and AtATH12-AS (5’-
GCAACTCCGACAAACTATCCA-3’), respectively. 
For the selection of the atath12-1 T-DNA insertion 
homozygote line (SALK 052673), the primers were: 
RP (5’-TGTTCTCATTTGGCAAATGTG-3’), LP 
(5’-TCCTTTTTGCATCTTTTCAATG-3’) and LB 
T-DNA (5’-GCGTGGACCGCTTGCTGCAACT-3’). 
For the selection of the atath12-2 T-DNA insertion 
homozygote line (WiscDsLo���70C��), the primers 
were: RP (5’-TCAGCAATTGTCCCTGAAAAC-
3’), LP (5’-TGTGAGGTTTCAGAGGTTTGC-
3’) and LB T-DNA (5’-
AACGTCCGCAATGTGTTATTAAGTTGTC-3’). 
The PCR reactions were performed in a final volume 
of 25 μL containing the following mixture: PCR buffer, 
0.2 mM dNTPs, 0.5 µM of both 5' and 3' primers, 1 U 
Taq DNA polymerase (Promega, Madison, WI, USA), 
and adjusted amounts of cDNA/or genomic DNA. The 
genomic DNA was isolated using NUCLOSPIN plant 
(Macherey-Nagel, Oensingen, Switzerland). Total 
RNA was purified from plants using the RNeasy Plant 
Mini Kit (Qiagen, Hilden, Germany) and stored at -
80°C following quantification by spectrophotometry. 
After DNAse treatment (DNase, RQ�, RNase free, 
Promega, Madison, WI, USA), cDNAs were prepared 
using M-MLV reverse transcriptase (Promega, 
Madison, WI, USA) as indicated by the manufacturer 
and stored at -20°C. cDNAs were adjusted between 
samples for the PCR reaction. After denaturation at 
95°C for 3 min, 35 PCR cycles (94°C for 45s, 56-
58°C for 45s and 72°C for 1 min) were run.
Localization of AtATH12 
The AtATH12 cDNA was amplified by PCR, 
using AtATH12s (5’- TGCTACCGGTGCG 
GCCGCATGTCATTTCTCCTCCTAACAC-
3’) and AtATH12as (5’-TGCGCCATGGAAAT 
CACGAGTCCAGCTGATGTC-3’) to introduce 
appropriate restriction sites and cloned into the AgeI/
NcoI site of the vector pEYFP (BD Biosciences) in 
order to fuse it with EYFP. The resulting AtATH12-
EYFP was cut off by Not I and cloned into the vector 
pRTΩ (Uberlacker and Werr, 1996), resulting in 
pRTΩ-AtATH12-EYFP. For expression in plants 
the cassette containing 35S-AtATH12-EYFP was 
excised from pRTΩ-AtATH12-EYFP using Asc I and 
inserted into pCambia 1302 (www.cambia.org). This 
vector was modified to contain a unique Asc I site in 
the multicloning site by insertion of a linker. All PCR 
fragments and plasmids were verified by sequencing.
Arabidopsis mesophyll protoplasts were isolated 
from -week-old short-day-grown plants according 
to published procedures (Endler et al., 200). Cell 
numbers were quantified with a Neubauer chamber 
and adjusted to 2 x 10 protoplasts mL-�. Protoplasts 
were transformed by 20% polyethylene glycol 
transformation according to published procedures 
(Meyer et al., 2006). Transformed cells were incubated 
for 72 h in the dark at room temperature before laser 
scanning confocal microscopic analysis (DM IRE2; 
Leica Microsystems). YFP and RFP fluorescence 
were imaged at an excitation wavelength of 514 
and 552nm, and the emission signal was recovered 
between 520 and 530 nm and between 570 and 590 
respectively. PIC1-mRFP expressed from p326-PIC1-
mRFP (kindly provided by Prof.Youngsook Lee, 
POSTEC, Korea) was used as a control for plastid 
envelope localization.
Elemental analysis
Plants were dried for 4 days at 60 °C, and the dry 
weights were recorded. Plant samples were digested 
in Teflon tubes with 15ml of HNO
3
 (65%). The tubes 
were placed in a heating block (DigiPREP MES, SCP 
Sciences) and heated to 200 °C for 120 min. The 
digested samples were diluted with Millipore water. 
The digests were analyzed for metals by inductively 
coupled plasma−optical emission spectroscopy. 
Analytical quality was assured by using reference 
samples of poplar leaves (NCS DC 73350).
Labelling of plants with 109Cd
Root were e��posed to 0.0� MBq �09CdCl2 in 1/8 MAMI 
for �h. After washing with cold distilled water, plants 
were grown in 1/2 MS for additional 3 days, dried and 
subjected to autoradiography.
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Determination of photosynthetic parameters and 
gas exchange measurements.
Photosynthetic parameters and gas e��change 
measurements were performed on attached leaves 
of 6 week old plants grown at 8 h photoperiod 
using the LI-6400 portable photosynthesis system 
(LI-COR Biosciences). Measurements were made 
on plants adapted for � hour in the dark and PPFD, 
and CO2 concentration were adjust at 150 μmol m
-
2s-� and 350μmol respectively. Leaves were kept at 
75% relative humidity and temperature was adjusted 
to22°C using the internal heating/cooling system of 
the analyser.
Pigments analyses
Plant leaf samples or seedlings (50 ng) were collected 
and analysed for the content of chlorophyll a (Chla) 
and b (Chlb), as well as carotenoids (Car) using the 
method described in Pruzinska et al. (Pruzinska et al., 
2005).
Protein Extraction and Immunoblot Analysis
Total protein fractions were prepared essentially 
as described (Schenk et al., 2007). SDS-PAGE and 
subsequent immunoblot analysis were performed as 
described (Pruzinska et al., 2007). Immunodetection 
of ferritin was performed using a rabbit polyclonal 
antiserum raised against purified FER1 protein (Ravet 
et al., 2009).
Yeast strains, growth and constructs
Saccharomyces cerevisiae mutant strain YMK2 
(∆ycf1::HISG ∆bpt1::LEU2) (Klein et al., 2002) was 
used for Cd experiments. The Δfet3 mutant (strain 
BY4742; Mat α; his3∆�; leu2∆0; lys2∆0; ura3∆0; 
YMR058w::kanMX4) was provided by Euroscarf 
(Frankfurt, Germany) and Δmrs3/4/Δyfh1 (strain 
82–43, MATa ura3–52 lys2–801(amber) ade2–
101(ochre) his3-_200 cyh2 _yfh1::TRP1 _mrs4::KAN 
_mrs3::URA3 [pRS318- YFH1-LEU2]) provided by 
Dr. Emmanuel Lesuisse (Zhang et al., 2005).
Yeast strains were grown at 30 °C in a minimal 
(SD) medium in an orbital shaker (200 rpm). For 
the Δmrs3/4/Δyfh1 strain 0.01% adenine and 10 μg/
ml cyclohe��imide were added. Cells were harvested 
at the logarithmic growth phases (A00 ~1.5) and 
5 µl samples were spotted onto solid SD medium 
supplemented with CdCl2 or Fe(SO�)2 and amino 
acids required. Iron-buffered plates consisted of 
modified defined medium to which a buffer (50 mM 
MES, pH 6.1) and an iron chelator (1 mM ferrozine) 
were added.
Growth measurement in liquid medium was performed 
using 5 µl samples (OD00=1.5) added to 200 µl of 
defined medium in a 96-well microplate (OptiPlate-
96, PerkinElmer Life Sciences) and incubated at 30°C 
with permanent shaking. Sequential light absorption 
acquisition at 00 nm (+/-�0) was started after � min 
using the Fusion microplate analyzer (PMT = ��00 
V, gain = �, reading time = � s; PerkinElmer Life 
Sciences).
Yeast transformation was performed using standard 
protocols. Transformants were growing on SD 
medium (2% glucose, 0.7% yeast nitrogen base and 
required amino acids) with glucose or glycerol as a 
source of carbon. 
For the complementation of the yeast strains 
described below, two types of constructs were 
prepared. AtATH12 without targeting pre-sequence 
was obtained by PCR amplification (AtATH12NOTs 
5’-ATAAGAATGCGGCCGCATGGCCAATA 
CAACAGTCAATTCAC-3’ and AtATH12NOTas 5’-
ATAAGAATGCGGCCGCTCAAATCACGAGTC 
CAGCTGATG-3’) using pRTΩ-ATH12-EYFP as a 
template. AtATH12 with targeting pre-sequence was 
obtained with a similar strategy as the one described 
above using the following primers: AtTPATH12NOTs 
5’- TGCTACCGGTGCGGCCGCATGTCATTT 
CTCCTCCTAACAC-3’and AtATH12NOTas 5’-
ATAAGAATGCGGCCGCTCAAATCACGAGTC 
CAGCTGATG-3’.
For the localization of ATH12 in S. cerevisiae, 
the EYFP construct with the chloroplast targeting   
presequence (TP) was used. The construct was     
obtained by recloning of AtATH12-EYFP from pRTΩ 
vector into the yeast e��pression vector pNEV (Sauer 
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and Stolz, �99�) via NOTI site resulting in pNEV-
TPATH12-EYFP. PCR product was sequenced to 
avoid errors. 
Cells were analyzed by confocal laser scanning 
microscopy (TCS SP2 Leica). Total protein e��traction, 
determination of protein contents, western blot 
analysis with the anti-GFP antibody (Living Colors 
a.V. (JL-8) Monoclonal Antibody Clontech, Palo 
Alto, CA, USA) as well as yeast transformation were 
performed using standard protocols. 
Statistics
Each value represents the mean of n replicates. 
Error bars represent SE: Significant differences 
from wild-type (WT) as determined by Student’s t-
test are indicated * P< 0.1, ** P<0.05, *** P<0.001 
respectively.
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Supplementary Fig 1 Identification of the AtATH12 T-DNA inserted mutants.
(A) Schematic representation of the T-DNA insertion sites in atath12-1 (SALK-052673) and atath12-2 (wiscDsLox 470c11) 
mutants. For PCR screening of homozygote lines, combinations of genomic DNA left and right border primers and a T-DNA left 
border primer were used. 
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Supplementary Fig 2 Photosynthetic activity and gas e��change
(A) Analyses of the photosynthetic parameters of Col 0 (WT) and atath12-1 grown on soil at 8 h light : maximum quantum 
efficiency of PSII (Fv/Fm), PSII efficiency (φPS2), photochemical quenching (qP), non-photochemical quenching (qN) and the 
efficiency of energy harvesting by oxidized (open) PSII reaction center in the light (Fv’/Fm’). (C) Analyses of gas exchange of 
Col 0 (WT) and atath12-1. Measurements were performed in plants grown on soil at 8 h light at a PPFD of 100, 200 or 1000 μmol 
m-2s-�. (B) CO2 assimilation in atath�2-� and WT plants at different light intensities (n=��).
Supplementary Fig 3 Heterologus expression of the ATH12 in the Δmrs3/4Δfsh1 (ΔΔΔ) yeast strain.
(A) Yeast strains ΔΔΔ-pNev and ΔΔΔ-TP-AtATH12 were grown in 96-well plates containing SD medium and OD measurements 
were done each hour. (B) Dropt test analysis of ΔΔΔ-pNev and ΔΔΔ-TP-AtATH12 growth on iron-buffering agar plates.
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Preliminary work on AtPDR1
Among the genes upregulated in the chip analysis in 
response to Cd2+ treatment (Bovet et al., 2005)  we 
identified the full-length ABC transporter AtPDR1. 
According to published and publicly data available 
AtPDR1 is e��pressed mainly in roots and stems (Fig. 
1A). RT-PCR experiments confirmed that AtPDR1 is 
upregulated when plants were treated with cadmium. 
If low amounts of cadmium were applied for a 
prolonged period, increase in transcript levels was 
mainly observed in roots and only a faint band was 
present in leaves of cadmium-treated plants (Fig. �B). 
A stronger increase in transcript level was observed 
when 7 day old seedlings were cultivated on heavy 
metal-containing agar plates. This effect was not 
specific for Cd, since Cu and Zn treatments resulted 
in a similar upregulation of AtPDR1 as observed for 
Cd (Fig. �C). 
In order to learn more about AtPDR1 and where it 
is localized, we produced an AtPDR1-GFP fusion 
construct, which was under the control of the CaMV 
35S promoter. Infiltration of tobacco leaves with this 
construct revealed a green fluorescence, which is 
likely to be localized in the plasma membrane (Fig. 
2). However, the data presented are preliminary and 
not completely convincing. Therefore a more detailed 
analysis has to be performed to unambiguously 
demonstrate that AtPDR� is indeed located in the 
plasma membrane. Isolation of epidermal protoplasts 
may help to solve the localization question. To 
functionally characterize AtPDR� we searched for T-
DNA insertion lines and identified three SALK lines, 
which putatively contained a T-DNA in AtPDR�. 
Two lines, atpdr1-1 and atpdr1-3 have an insertion 
in the fifth exon close to the 5’ end. The third mutant, 
atpdr1-2 is located in an intron at the end of the gene 
(Fig. 3). All lines were grown and homozygous plants 
were identified using the corresponding primers. 
Fig. 1 AtPDR1 gene expression in Arabidopsis
(A) RT-PCR analysis of AtPDR1 in plant organs. (taken from 
Van den Brûle and. Smart, 2002). (B) Semi quantitative RT-   
PCR of 5 weeks old plants grown under hydroponic conditions 
after exposure to 0.2 μM CdCl2 for 3 weeks. (C) RT-PCR 
analysis of AtPDR1 in � week old seedling grown on agar 
plates under control conditions or exposed to 10 μM CdCl2, 
20 μM CuCl2 or 60 μM ZnCl2.
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Fig. 2 Subcellular localization of AtPDR1 by transient 
expression of the AtPDR1-GFP fusion construct
Confocal laser scanning microscopic analysis of an Nicotiana 
benthamiana epidermal cells transiently e��pressing AtPDR�-
GFP (A), the chlorophyll auto fluorescence (B), the corresponding 
bright field image (C), merged images A,B and C (D).
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The next set of experiments presented has been 
performed in the Institute of Plant Sciences in Bern 
and it must be anticipated that for unknown reasons, 
the phenotypes observed could not be verified in 
e��periments performed at the Institute of  Plant 
Biology in Zurich. atpdr1-1 and atpdr1-2 mutants 
exhibited an impaired growth when treated with 
cadmium (Fig. �A). Both root length and pigment 
contents were more affected in the mutants compared 
to the wild-type plants (Fig. �B and �C). When wild-
type plants and mutants were grown on contaminated 
soil, the differences in growth were even more drastic 
than when grown on agar plates containing Cd2+ (Fig. 
4D). As mentioned above we wished to continue on 
the role of AtPDR� in cadmium tolerance, however, in 
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Fig. 3 Identification of the AtPDR1 T-DNA inserted 
mutants
Schematic representation of the T-DNA insertion sites in atpdr1-
1 (SALK 081047), atpdr1-2 (SALK 082662) and atapdr1-3 
(SALK 102381) mutants. For PCR screening of homozygote 
lines, combinations of genomic DNA left and right border 
primers and a T-DNA left border primer were used. 
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Fig. 4 Cadmium tolerance of   atpdr1 mutants
(A) Phenotype of atpdr1 one week old seedlings grown on agar plates in the absence or presence of 20 μM CdCl 2. (B) The effect 
of Cd on root growth of atpdr1-1, atpdr1-2 and Col 0 (WT) in the absence (1/2 MS) or presence of 20 μM CdCl 2. Root lengths 
were measured between two fixed time points, day 2 and day 9 (10<n<20). (C) Contents of chlorophyll a (Chl a) and b (Chl b) and 
carotenoids (Car) in seedlings of wild-type and mutant plants (n=3; n=7). Phenotype of atpdr1-1 grown on Cd contaminated sandy 
soil (10-15 ppm).
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Zurich the phenotype which was very clear in Bern 
could not be reproduced (Fig. 5). Roots of atpdr1-1 
mutants were slightly longer under control conditions 
and similar at 60 µM CdCl2, however the difference in 
root growth reduction was not statistically significant. 
Since publicly available transcript data indicated that 
AtPDR1 is highly upregulated in seedlings treated with 
abscisic acid (ABA), we tested whether ABA affects 
differentially wild-type plants and atpdr1 mutants. As 
shown in figure 6 this was the case and the difference 
was most pronounced and statistically significant at 
high ABA concentrations. Public data also indicate 
that AtPDR1 is mostly e��pressed in the endodermis 
and stele of Arabidopsis roots. Furthermore, 
correlation analysis for co-e��pressed genes showed 
that AtPDR1 is co-e��pressed with three �-coumarate 
CoA-ligase genes and with pero��idases, indicating a 
role in either the formation of ��ylem or the casparyan 
strips. Therefore we collaborated with Prof. Niko 
Geldner (University of Lausanne). Using a method 
were migration of propidium iodide was taken as an 
indicator for the tightness of the casparyan strip we 
could show that propidium iodide migrated more in 
roots of mutant plants compared to the corresponding 
wild-type (Fig. 7).
Discussion
At the beginning of my thesis AtPDR1 was the best 
candidate to search for a mechanism conferring Cd2+ 
resistance. For unknown reasons the phenotype could 
not be verified in Zurich. Several attempts were taken 
to solve this problem, growing plants in the presence 
and absence of sugars, cultivating plants under long-
and short time conditions etc., however the phenotype 
could no more be observed. Since in Bern two mutants 
displayed the same phenotype, it is unlikely that a 
second insertion was out-crossed. Apparently slight 
differences, which cannot be easily determined, can 
have a dramatic effect on the phenotype of a mutant 
plant. Surprisingly, atpdr1 mutants were more tolerant 
to ABA. Since most ABC transporters are e��porters, 
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Fig. 6 ABA tolerance in atpdr1 mutants
Root growth of atpdr1 and WT one week old seedlings grown 
on agar plates in the absence or presence of 0.2 or 0.8 μM ABA  
(n=15; mean = SE; t test: *, P = 0.1; **, P =0.05; ***, P = 
0.0�).
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Fig. 7 PI analysis of AtPDR1 mutants
Onset of casparyan bands of     atpdr1 and WT seedlings after 
propidium iodide migration (n=�0). The value corresponds to the       
ratio of the distance where PI fluorescence could be observed and 
the whole root length. (n=�0; mean = SE; t test: *, P = 0.�; **, P 
=0.05; ***, P = 0.01)
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Fig. 5 Disappearance of Cd phenotype obtained in Bern
The effect of Cd on root growth of atpdr1-1 and Col 0 (WT) in 
the absence (1/2 MS) or presence of 40 and 60 μM CdCl 2. Root 
length was measured between two fixed time points, day 2 and 
day 9 (n=15).
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the mutant e��posed to ABA would have the tendency 
to accumulate more ABA and to be more affected by 
this treatment if AtPDR1 would be an ABA transporter. 
However, the phenotype could be explained if ABA, 
such as propidium iodide would migrate more rapidly 
to the stele and been translocated to the shoot due to 
an impaired barrier at the endodermis. In this case 
the root would accumulate less ABA and not be so 
strongly affected.
In conclusion, in this short chapter, we present some 
preliminary data generated during my thesis. The work 
with full-length ABC transporters is time consuming, 
since the genes are very large and often toxic in bacteria 
and yeast. The results obtained during the last months 
of my thesis, indicating that the absence of AtPDR1 
may affect the function of the casparyan strip have 
to be evaluated in detail and further experiments are 
required to learn more about the exact function of 
AtPDR1. Nevertheless, if the results can be confirmed, 
we will be able to show a complete new function for 
PDR-type ABC transporters.
Material and methods
Plant growth
Arabidopsis thaliana (ecotypes Columbia 0) wild-type 
plants and AtPDR1 T-DNA insertion mutants (SALK_ 
102381, SALK_581047 and SALK_082662) were 
grown on soil in a growth chamber (8 h light period, 
22°C; 16 h dark period, 21°C; relative humidity 70%) 
and at light intensity of 140-160 µmol m-2 s-� PAR. 
For sterile growth, after sterilization, the seeds (20-
30) were placed on 0.8% agar plates containing 1/2 
MS (Duchefa) medium with or without 1% (w/v) 
sucrose. The plates were stored at 4°C for 48 h for           
synchronization of seed germination and subsequently, 
placed vertically in the phytotron (25°C, 16 h light and 
70% humidity). For cadmium treatments seeds were 
germinated and grown vertically on 1/2 MS bactoagar 
plates in the presence or absence of 20, 40 or 60 
µM CdCl2 at 16 h light for 7 days. For abscisic acid 
(ABA) treatments seeds were germinated and grown 
vertically on 1/2 MS bactoagar plates containing 0.2 
or 0.8 µM ABA.
Hydroponic cultures were set as follows: Seeds were 
firstly germinated and grown on sand at 8 h light for 
2 weeks watered with �/2 MAMI liquid medium 
(KH2PO� (0.5 mM); MgSO� (0.5 mM); Ca(NO  3)2 
(0.75mM); KNO
3
 (2.5 mM); Fe-EDTA (30 μM); 
NH�Cl (0.5 mM); MnSO� (25 μM); H3BO3 (75 µM); 
ZnSO� (2.5 µM); CuSO� (2.5 µM); (NH�)Mo7O2� 
(0.75 µg/L); KCl (0.125 mM)). Subsequently seedlings 
were transferred into �/2 MAMI liquid medium under 
the same growth conditions for � or 2 weeks. Finally 
plants were cultivated for additional 3 weeks in the 
presence or absence of 0.2 μM CdCl2 in �/2 MAMI.
cDNA-microarrays
The microarray corresponds to that described in 
Bovet et al (2005). Briefly, mRNAs were isolated 
as described at http://www.unil/ibpv. Fluorescent 
labeling of cDNAs, hybridization on home-made 
DNA-microarray slides spotted with ESTs and 3’ 
ends of  coding sequences (corresponding to �2� out 
of �27 putative ABC transporter proteins and control 
genes), and the relative expression was detected by 
fluorescence analyses (Scanarray 4000). 
Isolation of T-DNA insertion lines and semi-
quantitative RT-PCR
For semi-quantitative RT-PCR, the housekeeping 
genes Actin2 and S16 were amplified 
using the following primers: actin2-S (5’-
TGGAATCCACGAGACAACCTA-3’), actin2-AS 
(5’-TTCTGTGAACGATTCCTGGAC-3’) and S16-
S: GGCGACTCAACCAGCTACTGA, S16-AS: 
CGGTAACTCTTCTGGTAACGA, respectively. 
The primers for AtPDR1 were: AtPDR1-S (5’-
TCCGAAATGGTGGATATGGTA-3’) and AtPDR1-
AS (5’-TGCCAAAAGCAAACATAAACG-3’), 
respectively. For the selection of the atpdr1-1 T-DNA 
insertion homozygote line (SALK_081047) the primers 
were: RP (5’-ACATACAATGGGCATGGATTG-3’), 
LP (5’-CGAAAAGTTCGAACGTTTCAG-3’) and 
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LB T-DNA (5’-AACGTCCGCAATGTGTTATTAAG 
TTGTC-3’). For the selection of the atpdr1-2 T-DNA 
insertion homozygote line (SALK_082662), the primers 
were: RP (5’-GCTGCAGAAGCTAAGCTTGAG-
3’), LP (5’-TCAGCTTTCTTGCCAGAAAAG-
3’) and LB T-DNA (5’-
AACGTCCGCAATGTGTTATTAAGTTGTC-3’). 
For the selection of the atpdr1-3 T-DNA insertion 
homozygote line (SALK_102381), the primers 
were: RP (5’- TCGAATCATCTCATCTCCGAC-
3’), LP (5’- TCAGCTTTCTTGCCAGAAAAG 
-3’) and LB T-DNA (5’-
AACGTCCGCAATGTGTTATTAAGTTGTC-3’). 
The PCR reactions were performed in a final volume 
of 25 μL containing the following mixture: PCR buffer, 
0.2 mM dNTPs, 0.5 µM of both 5' and 3' primers, 1 U 
Taq DNA polymerase (Promega, Madison, WI, USA), 
and adjusted amounts of cDNA/or genomic DNA. The 
genomic DNA was isolated using NUCLOSPIN plant 
(Macherey-Nagel, Oensingen, Switzerland). Total 
RNA was purified from plants using the RNeasy Plant 
Mini Kit (Qiagen, Hilden, Germany) and stored at -
80°C following quantification by spectrophotometry. 
After DNAse treatment (DNase, RQ�, RNase free, 
Promega, Madison, WI, USA), cDNAs were prepared 
using M-MLV reverse transcriptase (Promega, 
Madison, WI, USA) as indicated by the manufacturer 
and stored at -20°C. cDNAs were adjusted between 
samples for the PCR reaction. After denaturation at 
95°C for 3 min, 35 PCR cycles (94°C for 45s, 56-
58°C for 45s and 72°C for 1 min) were run.
Cloning in yeast and growth conditions
For the complementation of the yeast strain, AtPDR� full-
length cDNA was amplified by PCR using the primers 
PDR1-NOT1 S (5’-ATAAGAATGCGGCCGCATGG 
A G A C G T T A T C G A G A A G C C T A A G -
3’) and PDR1-NOT1 AS (5’-
ATA A G A AT G C G G C C G C C TAT C G T T G 
TTGGAAGTTGAGC-3’) and using EST (AV554944 
clone RZL05c05, Kazusa DNA Research Institute) 
as a template. PCR products were ligated into the      
yeast e��pression vector pNEV (Sauer and Stolz, 
�99�) via the NotI site, resulting in pNEV-AtPDR�. 
This construct was sequenced to verify whether the 
sequence was correct. The Saccharomyces cerevisiae 
mutant strain YMK2 (∆ycf1::HISG ∆bpt1::LEU2) 
(Klein et al., 2002) was used for Cd e��periments. 
Yeast transformation was performed using standard 
protocols. Transformants were grown on SD medium 
(2% glucose, 0.7% yeast nitrogen base and required 
amino acids) with glucose.
For drop tests, yeast transformants were grown at 30 
°C in a minimal (SD) medium in an orbital shaker 
(200 rpm). Cells were harvested at the logarithmic 
growth phases (A00 ~1.5) and 5 µl samples were 
spotted onto solid SD medium supplemented with 
CdCl2 and amino acids required.
Construction of PDR1-GFP 
To obtain the AtPDR1-GFP construct, the 
AtPDR1 cDNA was amplified by PCR (AtPDR1-
NcoI 5’-CATGCCATGGAGACGTTATCGAG 
AAGCCTAAG-3’ and AtPDR1-SpeI 5’-
GGACTAGTTCGT TGTTGGAAGTTGAGCGTTC-
3’) to introduce appropriate restriction sites and cloned 
into the NcoI/SpeI site of the pCambia1302 plant 
binary vector (www.cambia.org), which contains the 
cauliflower mosaic virus 35S promoter and the GFP. 
The resulting pCambia-35S-PDR1-GFP plasmid was 
verified by sequencing. 
The constructs were introduced into the Agrobacterium 
GV3101 strain, which was then used to transform 
Arabidopsis (Col-0) using the floral-dip method 
(Clough and Bent, 1998) or for transient expression in 
Nicotiana benthamiana using the infiltration method 
(Yang et al., 2001) with slightly modifications. Cells 
were analyzed by confocal laser scanning microscopy 
(TCS SP2 Leica).
Pigment analyses
Plant leaf samples or seedlings (50 ng) were collected 
and analysed for the content of chlorophyll a (Chl a) 
and b (Chl b), as well as carotenoids (Car) using the 
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method described in (Pruzinska et al., 2005).
PI analysis of AtPDR1 mutants
PI analysis was performed in the laboratory of Prof. 
Niko Geldner at the University of Lausanne. Intact 10  �  
days old roots of wild-type Arabidopsis and mutant 
seedling were stained with 10 µg mL–� of propidium 
iodide (PI) for 10 min. Onset of bands were compared 
with the whole root length for mutants and WT 
(n=�0).
Statistics
Each value represents the mean of n replicates. 
Error bars represent SE: Significant differences 
from wild-type (WT) as determined by Student’s t-
test are indicated * P< 0.1, ** P<0.05, *** P<0.001 
respectively.
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Conclusion and outlook
The aim of this PhD work was to learn more about 
Cd2+ induced to��icity in plants. We were particularly 
interested to find and characterise new transporters 
or membrane proteins involved in Cd2+ transport 
and detoxification. Cadmium is widespread in the 
environment and considered a major pollutant. In 
most plants, Cd2+ accumulation induces some injuries 
often leading to decreases of yield. By consequence, 
increasing our knowledge on Cd homeostasis in 
plants is crucial and identification of proteins playing 
a role on Cd2+ uptake and its redistribution within the 
plant have also practical interests. On one hand, in 
frame of phytoremediation programs, identification 
of these proteins can help to select or engineer plants 
which have the capacity to accumulate high levels of 
Cd2+ in specific organs. On the other hand, in case 
of biofortification programs, development of plants 
which contain a reduced amount of to��ic metals such 
as Cd2+ without exhibiting decreased amounts of 
essential nutrients is also an attractive challenge for 
the future.
To reach this goal, we used a transcriptomic approach 
based on microarray analysis, and compared plants 
grown in normal medium with plants e��posed to 
different Cd2+ concentrations and selected genes 
whose expression was affected by Cd2+ treatment. 
Among them, we focused on three candidate genes 
which were analyzed in more detail within the frame 
of this PhD thesis.
The first candidate selected was AtOSA1 (Arabidopsis 
thaliana Oxidative Stress related Abc1 like protein). 
Analysis of isolated atosa�-� and atosa�-2 T-DNA 
insertion mutants were performed and revealed that 
they were more affected than the wild type by Cd2+ and 
exhibited an increased sensitivity towards oxidative 
stress (H2O2) and high light. Moreover, the mutants 
exhibited higher superoxide dismutase activities 
and constitutively e��pressed genes involved in the 
antio��idant pathway. In the AtOSA� protein sequence, 
we found two conserved domains, an Abc1 region and 
a putative kinase domain. AtOSA1 was not able to 
complement yeast strains deleted in the endogenous 
Abc1 gene, thereby suggesting different function 
between AtOSA1 and the mitochondrial yeast ABC1. 
Additionally, in gelo protein kinase assays using 
myelin basic protein as a kinase substrate revealed 
that chloroplast envelope membrane fractions from 
the atosa� mutant lacked a phosphorylated protein at 
70 kD when compared to the wild type.
In conclusion, we have partially characterized 
AtOSA� as a new factor in cadmium and o��idative 
stress response. This protein, which was localised 
in the chloroplast membrane, is not able to transport 
Cd2+ itself. Nevertheless, we showed that AtOSA� 
can influence Cd2+ repartition within the plant. 
Further investigation need to be performed to 
characterize in more detail the role of AtOSA� in 
the stress response of plants. Because we believe 
that AtOSA� is involved somewhere in the ROS 
scavenging network, microarray analysis between 
mutants and wild-type plants could be a suitable tool 
to determine at which level AtOSA� acts and also to 
identify some other genes involved in this pathway. 
Additionally, the role of the Abc1 and kinase domains 
in this protein need to be clarified. To elucidate the 
role of these motifs in AtOSA�, one could isolate 
chloroplasts from mutants and wild-type plants, and 
perform quantitative phosphoproteomic analysis and/
or determine the metabolic profile. Finding peptides, 
which are differentially phosphorylated or metabolites 
which are altered in the mutants plant could allow to 
elucidate in more detail the function of AtOSA� in 
plant.
The second selected candidate was AtATH12/
AtABCB29, a half-size ABC transporter from the 
ABCB subfamily. This protein was localised in the 
chloroplast membrane and seems to be involved in 
iron and cadmium homeostasis. Using heterologous 
expression in yeast, we were able to show that 
AtATH12 acts as a Fe/Cd exporter. Briefly, when 
e��pressed in a cadmium sensitive yeast strain, 
AtATH12 could partially restore cadmium tolerance 
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when e��pressed without the targeting sequence. This 
phenotype was related to significant lower Cd2+ and 
Fe contents in these cells compared to the empty 
vector control. Additionally, e��pression of AtATH12 
in the iron uptake deficient yeast strains Δfet3 and 
Δmrs3Δmrs4Δfsh1, resulted in impaired growth.
Concerning the role of AtATH12 in plants, atath�2 T-
DNA insertion mutants were more affected than wild 
type plants by Cd2+ excess and by iron deficiency. 
In both cases, mutant plants exhibited a marked 
chlorotic phenotype. Additionally, when grown 
hydroponically, leaves from wild-type Arabidopsis 
plants accumulated more cadmium while under 
control growth condition mutants contained less 
iron compared to the corresponding wild-type. 
Surprisingly, atath�2 mutants contained considerably 
more ferritin compared to the respective wild type, 
indicating that mutants have a problem in iron 
homeostasis. Taking together these results, it can be 
suggested that AtATH12 may act as a Cd2+ and Fe 
e��porter from the chloroplast to the cytosol.
However, we still need to verify this hypothesis. 
Unfortunately, due to technical reasons, we were not 
able, so far, to demonstrate in planta export of metals 
from isolated chloroplasts. Nevertheless, using yeast, 
transport experiments need to be performed to prove 
the e��port and to determine in which forms iron and 
cadmium are transported by AtATH12. Additionally, 
identification of a putative metal binding domain 
within the protein and its mutation will be important 
to demonstrate which residues are important for 
substrate recognition and transport activity. 
The last selected candidate was AtPDR�, a full-size 
ABC transporter belonging to the PDR subfamily. 
This gene was found to be markedly induced in  roots 
after treatment with 50 μM CdCl2 for 2� h. The chip 
data have been confirmed by RT-PCR. Previous 
analyses of isolated T-DNA insertion lines were not so 
clear and some phenotypes found at Bern University 
were not reproducible at Zurich University. Further 
studies suggest that atpdr� mutants have an alterated 
permeability at the casparyan strip and are more 
resistant to ABA compared to wild-type. Based on 
these results, we can hypothesize that AtPDR� could 
be involved in transport of compounds required for 
the synthesis of cell walls.
The role and the function of this ABC protein in 
Cd2+ and ABA tolerance and detoxification are 
under investigation and future studies using plants 
transformed with the AtPDR� promoter fused to a 
reporter gene or plants overe��pressing AtPDR� could 
be a helpful tool to understand the role of AtPDR1 
in Arabidopsis. Moreover, localisation studies where 
AtPDR1 was fused to GFP are not convincing and 
need to be improved using other techniques.
To find out whether AtPDR1 is involved in heavy 
metal transport in plants, AtPDR� overe��pressing 
plants, atpdr� as well as wild-type plants will be 
subjected to metal exposure. After exposure, heavy 
metal contents will be quantified in roots and shoots 
in mutants and wild-type plants. Another approach 
to compare the transport of heavy metals in plants 
is to label the roots of wild-type and mutants of one 
week-old seedlings with trace amounts of radioactive 
metals. A few hours or days after the e��posure, 
quantification and distribution of radioisotopes using 
autoradiography and γ-counter can reveal differences 
between mutant and wild-type plants. Of course, 
determination of metal contents can also be applied in 
transformed yeasts. Determination of the localisation 
of this transporter in yeast (using specific antibodies), 
will allow to analyse whether AtPDR� acts as an 
importer or as an e��cluder.
Because AtPDR1 has some homology with AtPDR8 
and AtPDR8 has been characterized as an efflux 
pump, we decided to produce a double knock-out 
line, atpdr1-atpdr8, to verify if AtPDR1 and AtPDR8 
work together. Since AtPDR1 appears to be also 
implicated in the synthesis of the casparyan strip and 
possibly the xylem, transport of monolignols has also 
to be considered.
In conclusion, the results obtained during the last 
months of my thesis indicating that the absence of 
AtPDR� may affect the function of the casparyan strip 
have to be evaluated in detail and further experiments 
are required to learn more about the exact function of 
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AtPDR1. Nevertheless, if the results can be confirmed, 
it will demonstrate a completely new function of 
PDR-type ABC transporters.
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